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SUMMARY

A probabilistic approach to lifetime assessment of seismic resilience of deteriorating concrete structures is
presented. The effects of environmental damage on the seismic performance are evaluated by means of a
methodology for lifetime assessment of concrete structures in aggressive environment under uncertainty.
The time-variant seismic capacity associated with different limit states, from damage limitation up to
collapse, is assumed as functionality indicator. The role of the deterioration process on seismic resilience
is then investigated over the structural lifetime by evaluating the post-event residual functionality and
recovery of the deteriorating system as a function of the time of occurrence of the seismic event. The
proposed approach is applied to a three-story concrete frame building and a four-span continuous concrete
bridge under corrosion. The results show the combined effects of structural deterioration and seismic
damage on the time-variant system functionality and resilience and indicate the importance of a
multi-hazard life-cycle-oriented approach to seismic design of resilient structure and infrastructure systems.
Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The detrimental effects of aging and deterioration processes due to aggressive chemical attacks and other
physical damage mechanisms can lead structure and infrastructure systems to exhibit over time
unsatisfactory performance under service loadings or accidental actions and extreme events, such as
earthquakes [1, 2]. During the last decades, risk assessment and mitigation programs have been carried
out in the attempt to reduce future losses and post-disaster recovery costs [3—6]. In this context, the
concept of resilience gained increasing importance in design, assessment, maintenance, and rehabilitation
of structure and infrastructure systems. Resilience is a broad multidimensional concept that was
introduced by Holling [7] in 1973 to ecology and has evolved from the disciplines of materials science
and environmental studies to become extensively used and applied to several engineering branches [8, 9].
In the field of disaster mitigation, frameworks have been proposed to provide a basis for development
of qualitative and quantitative models measuring the functionality and resilience at various scales,
including components, groups, and systems within infrastructure networks and communities [10-15].
For the purpose of the discussion presented in this paper, resilience can be regarded as the capability
of structures, infrastructure systems, and entire communities, to withstand the effects of extreme
events and to recover efficiently the original performance and functionality [10, 14, 16, 17].
Resilience of critical facilities, such as hospitals and infrastructure networks, is often investigated
with reference to damage and disruption caused by seismic events [10, 14, 16-22]. However, the
effects of aging and environmental aggressiveness, which can modify the seismic performance and
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functionality and, consequently, make the system resilience depending on the time of occurrence of the
seismic event, are not explicitly considered. In particular, for concrete structures, the exposure to the
diffusive attack from aggressive agents, such as chlorides, may involve corrosion of steel
reinforcement and deterioration of concrete that reduce over time the structural resources and affect
the system resilience [23]. Therefore, a proper quantification of the seismic resilience of
deteriorating structures must be based on the assessment of the structural system over its entire
life-cycle by taking into account the effects of deterioration processes, time-variant loadings, and
maintenance and repair interventions under uncertainty. To meet this need, a probabilistic approach
to lifetime assessment of seismic resilience of concrete structures considering the interaction of
environmental and seismic hazards is presented in this paper. This approach is based on a general
methodology for life-cycle analysis of concrete structures exposed to aggressive environments [24-28].
The time-variant seismic capacity associated with different limit states, from damage limitation up
to collapse, is assumed as functionality indicator, and the seismic resilience of the deteriorating
system is computed over the structural lifetime with respect to this indicator by relating the post-
event residual functionality and the recovery process to the time of occurrence of the seismic event.

The proposed approach is applied to probabilistic assessment of seismic resilience of a three-story
concrete frame building and a four-span continuous concrete bridge under chloride-induced
corrosion over a 50-year lifetime. The random variability in the material and geometrical properties
and in the physical quantities of the deterioration process is considered. Parametric analyses based
on Monte Carlo simulation are carried out to investigate the effects of the functionality loss, the
recovery profile, and the post-recovery functionality target on the time-variant seismic resilience.
The lifetime resilience under environmental and seismic hazards is then evaluated by taking the
combined effects of structural deterioration and seismic damage into account based on a sequence of
nonlinear dynamic analysis and post-event nonlinear static analysis. The results show that the
seismic damage and the residual seismic capacity vary over time depending on structural
deterioration. As a consequence, structures designed for the same functionality target could exhibit
over time different functionality and seismic resilience depending on the environmental exposure.
This indicates the importance of a multi-hazard life-cycle-oriented approach to seismic design of
resilient structure and infrastructure systems.

2. RESILIENCE OF DETERIORATING STRUCTURES

2.1. Definition and measure of resilience

Let O=0(t) be a time-variant functionality indicator in the range [0;1], with Q=1 for undamaged
systems and Q=0 for fully damaged systems. The occurrence of an extreme event at time #, may
cause a sudden loss AQ of system functionality. As shown in Figure 1, the loss AQ can be totally or
partially recovered by post-event restoration activities over a recovery time interval d,=t,—t;, where
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Figure 1. System functionality and definition of resilience.
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t;=1to+0; and tr are the initial and final time of the restoration process, respectively, and J; is the idle
time or the elapsed time between the occurrence of the extreme event and the beginning of the
Tecovery process.

Resilience can be defined as the capability of the system to sustain the effects AQ of the extreme
event at time £, and to recover efficiently a target level of functionality Q, at time t. Based on this
definition, an effective dimensionless measure of resilience is given by an average value of the
post-event functionality Q= () over a time horizon 1, > [16, 17]:

R=—""[" 0. (1)

th — 1o

This concept is shown in Figure 1, where resilience is associated with the area underlying the
functionality profile over the time interval [#y; #,]. The practical applicability of this qualitative and
quantitative definition of resilience has been shown in literature for existing structures and real
infrastructure networks [14, 17, 21, 22].

2.2. Time-variant resilience

Resilience should measure the ability of a system exposed to hazards to resist extreme events and
recover its functionality in a timely and efficient manner [29]. Therefore, for structures in aggressive
environment, the quantification of resilience should account also for the environmental hazard.
Despite this evidence, resilience is generally investigated by assuming a time-invariant functionality
before the occurrence of an extreme event and after the completion of the restoration process.
According to this assumption, resilience depends on the recovery profile Q=Q(f) over the time
interval [fy, 1], and it is independent on the time #, of occurrence of the extreme event (Figure 2(a)).
However, the effects of damage due to environmental aggressiveness could reduce over time the
system functionality and, consequently, modify the functionality loss induced by extreme events of
same magnitude (Figure 2(b)). Therefore, the pre-event functionality of deteriorating structures is
time-variant, and resilience is depending on the time of occurrence #, [23, 30].

The time-variant resilience R=R(#;) depends on several factors related to both the deterioration
process and the effectiveness of the recovery process. In general, the structural system suffers an
increasing decay of performance in terms of both functionality and resilience as the severity of the
environmental exposure increases (Figure 3(a)). If the functionality indicator falls below an
acceptable target threshold before an extreme event occurs, maintenance or repair interventions
should be carried out to restore suitable levels of system functionality Q,, and to improve resilience
(Figure 3(b)). Preventive and/or essential maintenance programs, usually applied to preserve the
structural safety and serviceability and extending the structural lifetime of deteriorating structures,
can be planned to this purpose based on established maintenance models [31, 32]. The applications
presented in this paper will focus on lifetime assessment of resilience under no maintenance, that is
particularly relevant for the condition rating of existing structures and infrastructure systems,
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Figure 2. Functionality Q and functionality losses AQ, due to the occurrence of extreme events k=1,2,..., of
same magnitude at different time instants #, ; and recovery over the time intervals [#; s; t;], with #; =1, x and
tek=thr- (a) Non-deteriorating system and (b) deteriorating system.
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Figure 3. Effects of the deterioration process and related factors on the time-variant system functionality
Q= Q(1) and resilience R = R(fy). (a) Environmental aggressiveness with O slight/moderate exposure or @ se-
vere exposure. (b) Maintenance programs @O with and @ without repair interventions. (c) Post-event recovery
actions with @ total restoring of the initial functionality or @ partial restoring of the pre-event functionality.

including buildings, bridges, roads, railways, dams, ports, and other critical facilities [33]. However, it
is clear that maintenance models can be easily incorporated in the proposed approach based on a proper
updating of the time-variant system performance and functionality profiles.

The functionality level Q, targeted by post-event interventions is also an important decisional
parameter that affects the time evolution of resilience. It is worth noting that the target functionality
should be chosen based not only on available resources, time limitations, and importance of the
structure but also on the impact of structural deterioration. As an example, post-recovery actions
may involve a total restoring of the initial functionality of the undamaged system or a partial
recovery up to the pre-event functionality of the damaged system (Figure 3(c)).

3. FRAMEWORK FOR SEISMIC RESILIENCE ASSESSMENT

3.1. Functionality indicators
In literature, several functionality indicators have been used for resilience assessment [18, 19, 22, 34-39].

For deteriorating structures in seismic areas, it is appropriate to relate the time-variant system functionality
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0= 0(1) to the residual seismic capacity in terms of peak ground acceleration a, = a,(f) associated with the
reaching of prescribed limit states, from damage limitation up to collapse. Different limit states could be
established for buildings, bridges, and other structures depending on the structural typology [40]. Table I
provides an example of structural performance levels and limit states identified with respect to the
displacement demand, where A, and A, are the displacement capacities of the structural system at first
yielding and ultimate states, respectively, and A, =A, — A, is the available plastic displacement [28].

Due to aging and deterioration processes, the seismic capacity a, =a,(f) decreases over time from the
initial value a,=a,(0) of the undamaged system down to capacity levels that may involve a loss of
system functionality Q=Q(?). The decrease of functionality in the range [0;1] can be related to the
residual seismic capacity over a suitable interval of limit values [ag min; @gmax], as qualitatively shown
in Figures 4(a) and 4(b).

Depending on the type of structure, a continuous nonlinear or constant stepwise relationship Q= Q(a,)
could be chosen based on the definition of a suitable set of seismic capacity thresholds and discrete
functionality states, as qualitatively shown in Figure 5(a) for a five-level damage state thresholding. In
practice, this approach is useful in post-earthquake evaluation procedures with damage levels
qualitatively assessed by visual inspection. Table II gives an example of observed damage states
and related repair interventions for bridge systems [40], with estimation of the bridge outage [41].

However, when a direct assessment of the seismic capacity is feasible, a linear relationship could be
effectively adopted for resilience assessment, as shown in Figure 5(b). In addition, in most cases, full
functionality is associated with the availability of the initial seismic capacity or g max=dg0, and
complete loss of functionality occurs at structural collapse or ag i, =0. Therefore, for the purpose of
the present study, the following linear relationship is assumed [23]:

o) = . ?2)

3.2. Time-variant seismic capacity and functionality losses

The time-variant seismic capacity a,=a,(f) under prescribed ground motions can be evaluated through
incremental nonlinear dynamic analysis of the deteriorating system by increasing the peak ground
acceleration up to the reaching of the investigated limit state. Nonlinear static analysis can also

Table I. Limit states and corresponding system displacement limits.

Performance level Limit state Displacement limit
SP-1 Fully operational A,

Sp-2 Operational A,+0.3A,

SP-3 Life safe A, +0.6A,
SP-4 Near collapse A, +0.8A,

SP-5 Collapse A=A +A,

Ay 100% 1

A g max
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Figure 4. Time evolution of (a) seismic capacity a,=a,(f) and (b) corresponding system functionality
0= Q1) for deteriorating structures.

Copyright © 2015 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2015; 44:2445-2466
DOI: 10.1002/eqe



2450 F. BIONDINI, E. CAMNASIO AND A. TITI

| ! ! | |
Wl el qil =
R
o alNallNaljalla) ~
S 100% oo —-— S 100% —
Q | ! ! Qi
2 Lo >
£ ! ot 2
E o E
g 0% o S 50%
= | =
|51 | o
g =
2 s
= K
0% > 0% -
& min Agmax  Seismic Ay in Agmax  Seismic
capacity a, capacity a,
(a) (b)

Figure 5. (a) Constant stepwise and (b) linear relationship of system functionality Q= Q(¢) versus residual
seismic capacity a,=a(?).

Table II. Damage states, type of failures, repair interventions, and outage for bridges. Adapted from [40, 41].

Damage state Failure mechanism Repair required Outage
DS-1 Pre-yielding None None
DS-2 Minor spalling Inspect, patch <3days
DS-3 Bar buckling Repair components <3 weeks
DS-4 Bar fracture Rebuild components <3 months
DS-5 Collapse Rebuild structure >3 months

provide information on the time-variant base shear ultimate capacity F,=F,(f) of the deteriorating
structural system provided that certain prerequisites on the system ductility are satisfied. In fact, for
the collapse limit state, the seismic capacity a, can be conveniently related to the base shear
capacity F, by means of the design response spectrum as follows [42]:

B(T1)

Fu = 5 3
qluy) )

where f=p(T)) is the elastic response spectrum function depending on the first vibration period 7' of
the structure, g=¢q(u,) is the behavior factor depending on the displacement ductility u, of the
earthquake-resisting system, and m is the seismic mass. For the evaluation of the behavior factor,
the displacement ductility ,uA=Au*/Ay* refers to an equivalent elastic-plastic model of the base shear
force versus displacement capacity curve. The yielding displacement A," is estimated on a bilinear
model with equal strength and equal dissipated energy up to the displacement at the peak force of
the actual capacity curve, as proposed in [43]. The ultimate displacement A,” is associated with the
point of the capacity curve where the total base shear force drops to 80% of the peak value.

For relatively flexible structures with high vibration periods, as those considered in this study, the
equal displacement principle with g=u, can be assumed [44]. Moreover, for concrete structures
exposed to corrosion, it is expected that deterioration does not affect significantly the vibration period
Ty. Under these assumptions, the time-variant functionality indicator can be formulated as follows:

Q(l‘) — ag(t) _ Fu(t):uA(t) , (4)

ag0 Fuotipg

where F,,=F,(f) and ux=u(f) are the time-variant base shear capacity and displacement ductility of the
deteriorating structural system, respectively, with F,, o= F(0) and pa o=ua(0).

Nonlinear dynamic time-history analysis provides comprehensive information about the structural
performance under ground motion, including a direct measure of the seismic damage, but it is
computationally expensive. Nonlinear static analysis generally involves a lower computational cost
and could be more conveniently used within a probabilistic framework for resilience assessment.
However, it does not allow a direct estimation of seismic damage. Therefore, to benefit from the
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advantages of both approaches, the residual functionality O, = Q,(fy) after occurrence of a seismic event
at time f, could be evaluated by performing in sequence a nonlinear dynamic time-history analysis, to
assess the seismic damage, and a nonlinear static analysis, to evaluate the post-event residual seismic
capacity [23]. This procedure can also be used to account for the cumulative seismic damage
consequent to mainshock—aftershock sequences.

3.3. Recovery functions

After an extreme event, different functionality recovery profiles can be adopted depending on the
magnitude, type and location of damage, and restoring procedures [16, 17]. In particular, the
rapidity of the recovery process is related to several factors [19], such as the resources available
after the event, the functionality of the infrastructure network, the importance of the structure, and
the role of the damaged components in the system performance. In general, a functionality recovery
model can be effectively represented as follows:

Q(T) = Qr + H(‘L’)I"(‘L’) (Qt - Qr)a (5)

where Q, is the residual functionality at the initial time #=t¢; of the recovery process, Q, is the target
functionality at the end of the recovery time interval 6,=#—1;, t=(t—1)/0, € [0,1] is a normalized
time variable, H=H(r) is the Heaviside unit step function, and r=r(r) € [0;1] is a recovery function.

Effective functionality recovery models have been proposed in [16, 21], and [45]. In this paper, the
role of the recovery process on the lifetime seismic resilience is investigated by considering the
following recovery functions:

r(r) = 1 — ¥ negative — exponential, (6)
1 —

r(t) = cfos(m) sinusoidal, (7

r(z) = e *=7) positive — exponential, (8)

where k is a shape parameter. The type of the recovery actions should be selected according to the
emergency response and recovery scenario based on the importance of the structure and the limit
state to be restored. A proper tuning of the shape parameter k allows to effectively reproduce the
planned recovery profile depending on magnitude and speed of the applied recovery actions. As an
example, Figure 6 shows the three recovery models for k=10. The negative-exponential-type
function allows to reproduce recovery processes where most of functionality is restored quickly after
the seismic event. The sinusoidal-type function describes a recovery process where functionality is
restored gradually in time. Finally, the positive-exponential-type function well represents recovery
processes where functionality is restored mainly at the end of the recovery time interval.
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Figure 6. Functionality recovery profiles (k=10).
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4. DETERIORATION MODELING IN CONCRETE STRUCTURES UNDER
DIFFUSION-CONTROLLED CORROSION

Chloride-induced corrosion represents a critical issue for huge stocks of existing concrete structures [33].
The local damage at the material level or member level is reflected at the global level leading to time-
variant structural performance under service loadings, accidental actions, and extreme events, such as
earthquakes. The detrimental effects of corrosion processes on the energy dissipation capacity of the
earthquake-resisting system can seriously affect the seismic capacity of frame buildings and bridges
[27, 28, 46-48]. In this paper, the time-variant seismic performance is evaluated at the system level
based on a general approach to lifetime assessment of concrete structures in aggressive environment
[24-26, 28]. This approach accounts for both the diffusion process of the aggressive agent, such as
chlorides, and the mechanical damage induced by diffusion, which involves corrosion of reinforcement
and deterioration of concrete. The different sources of uncertainty related to random variability of
material and geometrical properties, environmental exposure, diffusion process, and earthquake
excitation are taken into account based on a probabilistic modeling of the involved random variables.

4.1. Diffusion process

The transport of chlorides in concrete is diffusion-controlled and can be modeled by Fick’s laws [49].
For a single component diffusion in isotropic, homogeneous, and time-invariant media, Fick’s model is
described by the following second order partial differential linear equation [50]:

DV?*C = oc

a (€))

where D is the diffusivity coefficient of the medium, C= C(x,) is the concentration of the chemical
component at point X and time 7, VC=grad C(x,/) and V>=V-V. Such equation can effectively
reproduce the two-dimensional or three-dimensional patterns of concentration gradients that generally
occur in concrete structures [24, 25]. However, depending on the exposure scenario and the geometry
of concrete members, a simplified one-dimensional Fick’s model may provide suitable accuracy in
the description of the diffusion process [51]. Fick’s equation in one dimension is often applied for
durability analysis of concrete structures because it can be integrated analytically to obtain the
following limit state equation that provides the initiation time of chloride-induced corrosion [52]:

1 — erf ﬂ
2 Dapp,cl‘

where erf(+) is the Gauss error function, C(x=c, ) is the chloride concentration at the depth c of concrete
cover and time #, C,,; is a critical threshold of chloride concentration, Cy, is the initial chloride content in
the cement paste, Ax is the depth of the convection zone, that is the concrete layer up to which the
process of chloride penetration differs from Fick’s model, Cs a, is the chloride content at depth Ax,
and D, ¢ is the apparent chloride diffusion coefficient:

Cx=c,t)=Co+ (CS.AX — Co) = Ceir, (10)

t a
Dapp,c(t) = Drem (?) ) an

where Dgcyy is the rapid chloride migration coefficient, f,4 =28 days=0.0767 years is the reference
initial time, and a is an aging coefficient. Further details can be found in [52].
4.2. Corrosion of reinforcing steel and deterioration of concrete

The main consequence of corrosion is the reduction of the cross-sectional area of the reinforcing steel
bars [49]. Considering uniform corrosion, the time-variant diameter ® = ®(f) of a corroded bar can be
represented as a function of the corrosion penetration P, = P,(f) as follows [28]:

O(r) = By — 2P, (1) = [1 — 3(1)] s, (12)
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where ®y=®(0) is the diameter of the undamaged steel bar and d=4J(r)€[0;1] is a time-variant
dimensionless corrosion penetration index:

o) = =5 (13)

The variation over time of the cross-sectional area A;=A(f) of the corroded steel bar can also be
described by means of a corrosion damage index d,=J(f)e[0;1] as follows [24]:

As(1) = [1 = 55(1)]As 0, (14)

where A‘Y,0=nCD%/4 is the area of the undamaged steel bar and

8,(t) = [2 — 9(1)]6(1). (15)

The corrosion process causes also a reduction of steel ductility [53, 54]. Moreover, the formation of
oxidation products may lead to propagation of longitudinal cracks and concrete cover spalling [55-57].
These effects are modeled based on experimental evidence through a reduction of the ultimate steel
strain &, =¢&g,(f) and of the concrete strength f.=f.(f) as a function of the cross-sectional damage
index Jd;=0d,(f). The damage models &, =¢,(d;) and f.=f.(d,) are described in [58].

Corrosion process starts once the chloride concentration C= C(x,?) at the depth x=c of the concrete cover
reaches a critical value C,,; and evolves in time with a corrosion rate related to the time evolution of
concentration. On the basis of available data on chloride attacks [49, 59-61], a linear relationship between
the rate of corrosion in the range 0 to 200 um/year and the chloride content, in the range of 0-3%, is
approximately assumed in this study for structures exposed to severe environmental conditions [28].

Based on the proposed damage modeling, the effects of corrosion are implemented into structural
analysis through damage indices at the material level. In this way, corrosion can selectively be applied
to damaged structural members with a different level of penetration in each reinforcing steel bar and a
different type of deterioration over the concrete volume, in order to consider prescribed damage
patterns and corrosion levels [24]. The accuracy of this approach has been successfully validated with
reference to experimental tests carried out on beams subjected to accelerated and natural corrosion [58].
In particular, the comparison of numerical and experimental results has demonstrated the accuracy and
capability of the proposed models to reproduce the effects of local corrosion damage on the structural
response at the system level. Further details about damage modeling for pitting corrosion and mixed
types of uniform and pitting corrosion can also be found in [58].

5. APPLICATIONS

The seismic performance, functionality, and resilience of a concrete frame building and a concrete
continuous bridge exposed to corrosion are investigated under different sources of uncertainty related
to the random variability of material and geometrical properties, environmental exposure, diffusion
process, and earthquake excitation.

5.1. Probabilistic modeling

The probabilistic model for material and geometrical properties assumes the following quantities as
random variables: concrete compression strength f., steel yielding strength fi,, coordinates (y,, z,,) of
the nodal points p=1,2,... of the concrete cross section, and coordinates (y,,, z,,) and diameter @, of
the steel bars m=1,2,.... These variables are considered uncorrelated and modeled for the undamaged
structure with the probabilistic distributions, mean, and standard deviation values listed in Table III [25].

The diffusion process is described in probabilistic terms as proposed in [52]. Severe exposure and
spray conditions with Cy=0 and Ax=0 are assumed. The following uncorrelated random variables
are considered: concrete cover ¢, chloride migration coefficient Dgcyy, aging coefficient a, chloride
content C; A, and critical chloride content C,,;;. The probabilistic distributions and their mean and
standard deviation values are listed in Table IV [52]. The time-variant probabilistic assessment of
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Table III. Probability distribution, mean u, and standard deviation o of material and geometrical properties [25].
Random variable Distribution type ut o
Concrete strength, f. [MPa] Lognormal Senom 5
Steel strength, f;, [MPa] Lognormal Jevinom 30
Coordinates of the nodal points, (y,,z,) [mm] Normal VprZpnom 5
Coordinates of the steel bars, (y,,,,2,) [mm] Normal VrsZomnom 5
Steel bar diameter, ®,, [mm] Normal* D,y iom 0.10 u
*Truncated distribution with non-negative outcomes.
#nom = nominal value.

Table IV. Probability distribution, mean u, and standard deviation ¢ of the parameters of the diffusion

process and corrosion initiation [52].
Random variable

Distribution type U o
Concrete cover, ¢ [mm] Normal * 40 8
Chloride migration coefficient, Dgcys [m?/s] Normal * 15.8x107"2 0.20 u
Aging coefficient, a [-] Beta [0.0; 1.0]* 0.3 0.12
Chloride content, C; A, [Wt.%/cem] Normal * 3 0.30 u
Critical chloride content, C..,; [wt.%/cem] Beta [0.2; 2.01* 0.6 0.15
*Truncated distributions with non-negative outcomes.

#[Lower bound; Upper bound].

the seismic performance and of the associated system functionality and resilience is carried out based
on the adopted probabilistic models by means of Monte Carlo simulation. The sample size

of the simulation process is chosen to achieve convergence of the statistical parameters of the
investigated quantities.

5.2. Three-story concrete frame building

The seismic resilience of the three-story concrete-frame building shown in Figure 7(a) is investigated
over a 50-year lifetime. The seismic weights related to both dead and live loads lead to an axial
compressive force N=250kN over the columns at each story level. The columns are considered to
be exposed to a diffusive attack from chlorides on the outermost external sides only.

The columns have square cross-section 0.70 x0.70m and are reinforced with eight steel bars with

nominal diameter ®,,,,,=22mm. The concrete core is confined by double layer stirrups ®8/75 mm.
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(b)

Figure 7. Three-story concrete-frame building. (a) Geometrical dimensions and column cross-section.
(b) Structural modeling.
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The nominal material strengths are f.=35MPa and f;,=435MPa. The limit state of failure of the
cross-section is associated with the reaching of the strain limits of the materials. A basic value of
ultimate strain ¢.,=0.35% is assumed for concrete in compression. This limit is increased to account
for the effects of confinement according to the model proposed in [62]. An ultimate strain
€4, =6.00% is assumed for reinforcing steel of uncorroded bars.

The lifetime performance of the column cross-section is shown in Figure 8 in terms of nominal
bending moment M, versus curvature y, diagrams for N=500kN. The non-symmetric exposure
leads over time to non-symmetric behavior. A significant reduction of bending strength, mainly due
to the corrosion of the steel bars in tension and to the deterioration of concrete in compression, is
observed for both positive and negative bending moments. In terms of curvature ductility, a
significant deterioration is observed for negative bending moments only, because in this case failure
is governed by the concrete crushing in the compressive zone close to the exposed side, with
reduced confinement effects due to corrosion of the stirrups.

The beams have rectangular cross-section 0.50 x 0.80 m. Steel reinforcement is designed to achieve
nominal bending strengths M;; =1127.9kN, M,,=985.6kN, and M,;=457.1kN, with coefficient of
variation of 15%. These values are selected to satisfy the ‘strong columns-weak beams’ capacity
design criteria [44] with a 10% of over-strength. Based on these assumptions, the effects of the
deterioration process at the system level are studied with reference to the structural model shown in
Figure 7(b). Elastic beam elements with lumped inelastic rotational springs at member ends are used
for both columns and beams to simulate the nonlinear behavior of the connections with formation of
plastic hinges. The bending moment-rotation constitutive laws are described by a stepwise
linearization of the bending moment-curvature relationships integrated over the length of the plastic
hinge. Further details on the moment-rotation constitutive laws can be found in [30].

Nonlinear static analyses of the frame building under a triangular distribution of lateral story forces,
as shown in Figure 7(b), are performed using the code Ruaumoko2D [63]. Figure 9 shows the lifetime
performance of the building in terms of nominal base shear F), versus top displacement A; diagrams. It
can be noticed a moderate decrease over time of the base shear capacity F,=F,(f) and an abrupt
reduction of the ultimate displacement, and hence of the displacement ductility ua=pua(?), after
about 20 years of lifetime. This is because of a change of the location of the flexural plastic hinges,
which involves a consequent change of the collapse mechanism and energy dissipation capacity of
the system. In fact, because of the reduction of the moment capacity of the columns, the system
failure shifts from a ‘beam-sway’ to a ‘column-sway’ mechanism [27, 28]. This result clearly
demonstrates that the seismic performance of concrete structures can be seriously affected by
environmental hazards. It is worth noting that the reduction of shear strength of the columns, due to
corrosion of the stirrups, can also modify the original capacity design and lead to brittle shear
failures [42]. However, such circumstance can be excluded by comparing over time the shear
strength of the columns at each story and the corresponding shear demand, as shown in [47].
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Figure 8. Column cross-section under corrosion. Nominal bending moment M versus curvature y, diagrams
for N=500kN over a 50-year lifetime with time steps Ar=10 years.
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Figure 11. Frame building under corrosion. Time evolution of mean x4 and standard deviation ¢ of (a) system

functionality Q=Q(#) and (b) seismic resilience R=R(t;) for the case of t;=1), t,=1, J, =12months,

functionality loss AQ(#y) =0.50(ty), and recovery process with sinusoidal profile and partial restoring aimed
at recovering the pre-event functionality.
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The same trends are confirmed also in probabilistic terms. Figure 10 shows the time evolution of the
probabilistic parameters of the base shear capacity F, = F,(¢) and displacement ductility g =ua(f). The
corresponding time evolution of the probabilistic parameters of the system functionality Q= Q(¢)
associated with the performance functions F,=F,(¢) and ua=ua(?) is shown in Figure 11(a). Over
time, the mean value of the functionality decreases and the effects of uncertainty increase because of
the deterioration process. Therefore, the probability distribution of seismic resilience R=R(f)
depends on the time f, of occurrence of the seismic event, as shown in Figure 11(b), for a case
study with t;=1ty, t,=t, J, =12months, functionality loss AQ(ty)=0.50(ty), and recovery process
with sinusoidal profile and partial restoring aimed at recovering the pre-event functionality. For a
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Figure 12. Frame building under corrosion. Time evolution of the mean value of seismic resilience R = R(#)

for t;=ty, t,=1t; and J, =12 months. (a) Functionality loss varying from AQ(#)) =0 to AQ(ty) = Q(t;) with

steps 0.10(%y). (b) Target functionality with total restoring of the initial functionality Q,=1.0 and partial re-

storing of the pre-event functionality Q,= Q(fy). (c) Recovery process r=r(f) with negative-exponential, si-
nusoidal, and positive-exponential profiles (k= 10).
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deterministic recovery process, the randomness of both system functionality and seismic resilience is
due only to the uncertainty involved in the deterioration process. The effects of this kind of
uncertainty lead over time to probability density distributions of functionality and resilience skewed
toward the lower values of such indicators. In this regard, it is worth noting that the diagrams
associated with the mean values plus one standard deviation shown in Figures 11(a) and 11(b)
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Figure 13. Continuous bridge. (a) Overall dimensions of the bridge. (b) Geometry, dimensions, and (c) detail
of the reinforcement layout of the cross-section of the piers.
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Figure 14. Bridge pier cross-section under corrosion. Nominal bending moment M, versus curvature y,
diagrams for N=25MN over a 50-year lifetime with time steps Ar=10 years.
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provide only a measure of the dispersion of the results and do not indicate an increase over time of the
system functionality and resilience.

In case of negligible idle time between the occurrence of the seismic event and the beginning of the
recovery process (Z;=1p) and time horizon limited to the final recovery time (#, =1y, the lifetime seismic
resilience does not depend significantly on the recovery time interval J, [23]. The main factors in the
assessment of seismic resilience include the loss of functionality AQ at time #,, the functionality target Q, to be
reached at time #; and the recovery profile r=r(7). The results of a parametric analysis aimed at investigating
the role of these factors are presented in Figure 12 with reference to the mean values of seismic resilience.

It is noted that the expected loss of functionality due to seismic damage (Figure 12(a)) may
significantly affect the lifetime seismic resilience. This highlights the importance of a proper
modeling of both the lifetime deterioration process and the damage effects due to seismic events.
The functionality target of the recovery process is also a key factor to improve the lifetime seismic
resilience and to reduce the time effects of both deterioration and seismic damage (Figure 12(b)).
Finally, the type of recovery profile is of prominent importance to ensure suitable levels of lifetime
seismic resilience (Figure 12(c)). However, it is worth noting that the role of deterioration on
lifetime resilience is not modified by the type of recovery process, because the ratio R(#))/R(0) is
almost independent on the recovery profile.
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5.3. Continuous concrete girder bridge

The seismic resilience of the four-span continuous concrete girder bridge shown in Figure 13(a) [28] is
investigated. The total length of the bridge is 200 m, with spans of 50 m. The bridge deck is a two-box
girder. The bridge piers have box cross-section with the geometry, nominal dimensions, and
reinforcement layout shown in Figures 13(b) and 13(c). Connections of the deck to both piers and
abutments are monolithic. The structure is considered fully fixed at the abutments and the base of the
piers. The structure is analyzed by assuming a seismic weight p=300kN/m, including self-weight,
dead loads, and a 20% of live loads, applied on the deck. The nominal values of the concrete and
steel strength are f.=30MPa and f,, =500 MPa, respectively. The strain limits are &.,=0.35% for
concrete in compression and ¢y, =5.00% for reinforcing steel of uncorroded bars.

The bridge piers are exposed to the diffusive attack of chlorides along the external and internal
surface, because the hollow core is not hermetically closed over the height. The lifetime performance
of the cross-section of the piers is shown in Figure 14 in terms of nominal bending moment M,
versus curvature y, diagrams under a compressive axial force N=25 MN. The bending strength of the
cross-section significantly decreases over lifetime. On the contrary, the ultimate curvature tends to
slightly increase as the resisting cross-section of the steel bars in tension decreases due to corrosion.
This initial trend is reversed after about 40 years because of the progressive deterioration of concrete
in compression and the significant reduction of the reinforcing steel ductility.

At the system level, the deck is modeled by elastic beam elements, because under transversal
loading the nonlinear behavior is expected to develop only in the piers. Elastic beam elements with
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Figure 17. Bridge under corrosion. Time evolution of mean x and standard deviation ¢ of (a) system

functionality Q=Q(#) and (b) seismic resilience R=R(t;) for the case of t;=1), t,=1, J, =12months,

functionality loss AQ(#y) =0.50(ty), and recovery process with sinusoidal profile and partial restoring aimed
at recovering the pre-event functionality.

Table V. Characteristics of the seismic records [66].

Scaling Scaled

Earthquake record Year Station Soil type [42] factor PGA [g]
EQI - Loma Prieta 1989 Hollister Diff. Array D 2.0 0.54
EQ2 - Loma Prieta 1989 Gilroy Array #7 D 3.0 0.68
EQ3 — Landers 1992 Desert Hot Springs C 4.1 0.62
EQ4 - Landers 1992 Yermo Fire Station D 33 0.50
EQ5 — Cape Mendocino 1992 Rio Dell Overpass-FF C 1.8 0.69
EQG6 — Superstition Hills 1987 Plaster City D 33 0.61
EQ7 — Northridge 1994 Canoga Park-Topanga Can D 1.8 0.64
EQS8 — Northridge 1994 Beverly Hills 14145 Mulhol C 1.4 0.56
EQ9 — Northridge 1994 N Hollywood-Coldwater Can C 2.6 0.69
EQ10 — Northridge 1994 Sunland-Mt. Gleason Ave C 33 0.52
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lumped inelastic rotational springs at member ends are used to model the piers. The bending moment-
rotation constitutive laws are described by a stepwise linearization of the bending moment-curvature
relationships integrated over the length of the plastic hinges. Further details on the moment-rotation
constitutive laws can be found in [28].

Nonlinear static analyses of the bridge under uniform lateral forces applied at the deck level are
carried out using the code Ruaumoko2D [63]. Figure 15 shows the lifetime performance of the
bridge in terms of nominal total base shear F, versus top displacement of the central pier A.. The
points corresponding to the displacement limits listed in Table I are also indicated on the capacity
curves. These diagrams show a significant decrease over time of the base shear capacity F,=F,(f).
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Figure 18. Bridge under corrosion. (a) Post-event mean capacity curves in terms of base shear F,, versus top

displacement A, of the nominal structure for the ensemble of earthquake records given in Table V with in-

creasing level of peak ground acceleration PGA=0.2 g, 0.4 g, and 0.6 g (Ato=10years). (b) Comparison of

pre-event (continuous line) and post-event (dashed lines) mean capacity curves F,—A. for 7o=0 and
to=50years.
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On the contrary, an increase of displacement ductility ux = ua(#) is observed mainly due to a reduction
of the yielding displacement.

These results are confirmed also in probabilistic terms. Figure 16 shows the time evolution of the
probabilistic parameters of the base shear capacity F,=F,(f) and displacement ductility pux=pu(?).
The corresponding time evolution of the probabilistic parameters of the system functionality O = Q(f)
associated with the performance functions F,=F,(f) and ux=ua(f) is shown in Figure 17(a). As
expected, over time, the mean value of the functionality decreases and the effects of uncertainty tend
to increase because of the deterioration process. This confirms that the seismic resilience R=R(f)
depends on the time #, of occurrence of the seismic event, as shown in Figure 17(b) for a case study
with t;=1y, t,=15 J, =12months, functionality loss AQ(#)=0.50(t,), and recovery process with
sinusoidal profile and partial restoring aimed at recovering the pre-event functionality.

The probabilistic analysis under a prescribed drop of system functionality AQ provides important
information about the influence of deterioration on the time-variant seismic resilience. However, for
deteriorating systems, the residual functionality Q,(f))=QO(fy) — AQ(t,) after a seismic event depends
also on the seismic performance available at time of occurrence f,. To investigate the combined
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Figure 19. Bridge under corrosion. (a) Comparison of the nominal system functionality Q = Q(?) of the cor-

roded bridge to the nominal residual functionality curves Q,=Q,(t,) for the 10 earthquake records listed in

Table V. (b) Nominal seismic resilience R = R(f,) associated with the 10 earthquake records for the case of
t;=ty, t, =15 J, =12months, and recovery process with sinusoidal profile and partial restoring.
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effects of seismic and environmental hazards, the residual functionality Q,=Q,(ty) of the bridge is
evaluated by performing in sequence at time fy a nonlinear dynamic time-history analysis under
ground motion, to assess the seismic damage, and a nonlinear static analysis, to achieve the post-
event residual seismic capacity.

The nonlinear dynamic response of the bridge is investigated by using the code OpenSees [64]. The
hysteretic rule of the rotational springs accounts for the seismic damage in terms of cyclic degradation
of unloading stiffness, reloading stiffness, and strength [65]. Further details are given in [30]. The
variability of the seismic action is considered with reference to the ensemble of ten earthquake
records listed in Table V [66]. The mean response spectrum of these records matches reasonably
well the Eurocode 8 response spectrum for soil class B and peak ground acceleration PGA =0.54 g
[42]. Nonlinear dynamic analyses of the nominal bridge structure are carried out every 10 years over
a 50-year lifetime under the 10 earthquake records with increasing levels of seismic intensity
PGA=0.2g, 0.4 g, and 0.6 g. The post-event mean capacity curves in terms of base shear F) versus
top displacement A, obtained by nonlinear static analyses performed on the bridge structure in the
configurations reached at the end of the seismic events, are shown in Figure 18(a). These curves
include the combined effects of seismic damage and environmental deterioration. As expected, the
effects of seismic damage depend on the time-variant deterioration process and increase as the
seismic intensity increases. This is shown also in Figure 18(b), where the comparison of the pre-
and post-event capacity curves for #,=0 and f,=50years confirms that the drop of performance and
functionality depends on the time of occurrence .

Figure 19(a) compares the time evolution of the nominal system functionality Q=Q(#) of the
corroding bridge to the nominal residual functionality curves Q,=Q,(f)) associated with the 10
earthquake records listed in Table V. These results highlight the large variability of both the seismic
damage and related drop of functionality with the characteristics of the earthquake records.
However, the corresponding variability of seismic resilience R=R(f;) is reduced based on the
effectiveness and rapidity of the recovery interventions, as shown in Figure 19(b) for #;=t,, t,=1,
0, =12 months, and recovery process with sinusoidal profile and partial restoring. Further research
is necessary to generalize these results in probabilistic terms. However, they clearly indicate the
importance of a multi-hazard life-cycle oriented approach to seismic design of resilient structure
and infrastructure systems to limit the effects of aging and deterioration and to establish effective
and rapid post-event recovery procedures.

6. CONCLUSIONS

A probabilistic approach to lifetime assessment of seismic resilience of concrete structures exposed to
chloride-induced corrosion has been presented. The time-variant seismic performance has been
evaluated at the system level based on a methodology for concrete structures in aggressive
environment that accounts for both the diffusion process of chlorides and corrosion damage induced
by diffusion. The corrosion modeling included the mass loss of steel bars, the reduction of steel
ductility, and the deterioration of concrete strength because of the longitudinal splitting cracks and
spalling of the concrete cover. The time-variant seismic capacity of the structural system under
corrosion has been assumed as functionality indicator and seismic resilience has been evaluated with
respect to this indicator over the structural lifetime. Based on the proposed approach, it has been
shown that the effects of corrosion may reduce over time the system functionality and,
consequently, make the seismic resilience depending on the time of occurrence of the seismic event.
This dependence is emphasized by the uncertainty associated with the deterioration process, which
leads to a remarkable increase over time of the random variability of both functionality and resilience.

The results of a parametric analysis performed for a three-story frame building under corrosion of
the columns showed that the impact of continuous deterioration on the seismic performance and
functionality under uncertainty may be dramatic, particularly when the reduction of base shear
capacity is associated with a change in the location of the flexural plastic hinges with the possible
activation of collapse mechanisms with limited ductility and energy dissipation capacity. Moreover,
it has been found that the main factors affecting the lifetime seismic resilience under continuous
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deterioration include the drop of functionality induced by the seismic event, the functionality target of the
recovery interventions, and the recovery profile. In particular, the drop of functionality is also time-
dependent because of the combined effects of structural deterioration and seismic damage. These effects
have been taken into account based on a sequence of nonlinear dynamic analysis under ground motion
and post-event nonlinear static analysis of the deteriorating structure. This procedure has been applied by
considering the effects of single mainshocks, but it is worth noting that it could be used to account also
for the cumulative seismic damage induced by multiple mainshocks or mainshock-aftershock sequences.
The results obtained for a continuous girder bridge under corrosion of the piers showed a significant
variability of both the seismic damage and related drop of functionality depending on the characteristics
of the earthquake records. However, the corresponding variability of the seismic resilience is mitigated by
the effects of the recovery interventions. These results highlighted the importance of a multi-hazard life-
cycle oriented approach to seismic design of resilient structure and infrastructure systems to limit the
effects of aging and deterioration and to establish effective and rapid post-event recovery procedures.

Further research is required to formulate and validate nonlinear or constant stepwise probabilistic
functionality indicators based on seismic capacity thresholds and/or discrete functionality states. This
paper focused on the seismic resilience of single structures, but the proposed approach could be
extended to infrastructure systems, such as bridge networks, by means of suitable system functionality
indicators able to account for the functionality losses consequent to the effects of continuous
deterioration and sudden seismic damage suffered by the system components. Moreover, the role of
several factors of the recovery process should be further investigated in probabilistic terms, including
idle time, recovery time, target functionality, time horizon, and recovery profiles with time-variant
parameters related to type, magnitude, and location of seismic damage. Finally, the effects of
maintenance activities and repair interventions need to be incorporated in the proposed framework for
the lifetime probabilistic assessment of seismic resilience of deteriorating concrete structures.
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