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Bridge networks are essential components of civil infrastructure, supporting communities by delivering vital
services and facilitating economic activities. However, bridges are vulnerable to natural disasters, particularly
earthquakes. To develop an effective disaster management strategy, it is critical to identify reliable, robust, and
efficient indicators. In this regard, Life-Cycle Cost (LCC) and Resilience (R) serve as key indicators to assist
decision-makers in selecting the most effective disaster risk reduction plans. This study proposes an innova-
tive LCC-R optimization framework to identify the most optimal retrofit strategies for bridge networks facing
hazardous events during their lifespan. The proposed framework employs both single- and multi-objective opti-
mization techniques to identify retrofit strategies that maximize the R index while minimizing the LCC for the
under-study bridge networks. The considered retrofit strategies include various options such as different mate-
rials (steel, CFRP, and GFRP), thicknesses, arrangements, and timing of retrofitting actions. The first step in the
proposed framework involves constructing fragility curves by performing a series of nonlinear time-history incre-
mental dynamic analyses for each case. In the subsequent step, the seismic resilience surfaces are calculated using
the obtained fragility curves and assuming a recovery function. Next, the LCC is evaluated according to the pro-
posed formulation for multiple seismic occurrences, which incorporates the effects of complete and incomplete
repair actions resulting from previous multiple seismic events. For optimization purposes, the Non-Dominated
Sorting Genetic Algorithm II (NSGA-II) evolutionary algorithm efficiently identifies the Pareto front to represent
the optimal set of solutions. The study presents the most effective retrofit strategies for an illustrative bridge
network, providing a comprehensive discussion and insights into the resulting tactical approaches. The findings
underscore that the methodologies employed lead to logical and actionable retrofit strategies, paving the way for
enhanced resilience and cost-effectiveness in bridge network management against seismic hazards.

1. Introduction

As social and economic conditions have gradually improved, the ap-
proach to urban construction is shifting from rapid expansion to a fo-
cus on high-quality development. In addition, over time, there has been
a significant increase in population density, the availability of medi-
cal resources, and overall socio-economic development. In this regard,
lifeline systems are critical in providing essential services and support-
ing economic activities. However, civil infrastructure systems, including
ground transportation networks, are highly vulnerable to natural disas-
ters such as earthquakes [1]. These disasters may eventually lead to
structural collapse and negatively impact the community and the econ-
omy. As integral components of transportation networks, bridges play
a vital role in various socio-economic activities, such as logistics, emer-
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gency medical services, and search and rescue operations in urban areas
[2]. The functional losses of bridges can lead to mobility limitations and
increased user costs, which emphasizes the need for their robustness and
efficient pre- and post-disaster measures. In this line, prioritizing reha-
bilitation/retrofitting interventions is crucial for restoring/maintaining
the overall serviceability of the transportation network. For this rea-
son, effective and dynamic decision-making frameworks must be used
to correctly model interdependencies/dependencies, expected risks, and
uncertainties that take into account logical indicators [3].

In infrastructure management, the Life-Cycle Cost Analysis (LCCA)
can be utilized to find the most effective strategies for mitigating seis-
mic hazard risks [4]. The LCCA, as a monetary risk indicator, is widely
recognized as a powerful method for quantitatively analyzing bridge
seismic risks by considering the potential losses resulting from earth-
quake events. In this respect, the Life-Cycle Cost (LCC) means consider-
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ing all the costs, including an initial investment (typically design and
construction costs), ongoing expenses (such as maintenance, retrofit
and repair costs or renewal/replacement costs), and demolition costs
[5]. Wang et al. [6] developed a simplified decision-making framework
to calculate seismic loss and assess the life-cycle cost of base-isolated-
reinforced concrete structure. Shekhar and Ghosh [7] suggested a multi-
dimensional function framework to estimate the LCC and vulnerability
of structurally dissimilar highway bridges using parameterized fragility
models in regions with moderate to high seismicity. Torti et al. [8] in-
troduced a novel combined model of LCC formulation and simulation
methodology for the long-term financial evaluation of transportation
bridges equipped with seismic structural health monitoring systems. In
this regard, research has been conducted on developing methodologies
for life-cycle cost analysis to determine the most effective managing
strategy for infrastructure systems exposed to extreme natural disasters
[9]. As evidenced in most of the LCCA research, there are two potential
repair scenarios for a given damage state of a structure: (I) completing
the repair actions before the next hazard event and allowing the struc-
ture to return to its original state, or (II) assuming that repair actions
are not finished before subsequent events, which could exacerbate the
existing damage condition due to the following hazardous events. In
this line, while the LCCA can consider a structure’s performance, indi-
cators such as Resilience (R) offer insights into the functionality level
of infrastructure and its ability to recover and return to its pre-event
performance [10].

Resilience is increasingly central in designing, assessing, monitor-
ing, maintaining, and managing infrastructure systems. Resilience can
be defined as the ability of a system to withstand the effects of disruptive
events and efficiently recover to pre-event performance. In this connec-
tion, many research studies have focused on developing methodologies
to evaluate the resilience of infrastructure systems [11]. Lu et al. [12]
proposed a bi-level resource allocation framework to enhance the re-
silience of at-risk bridges in a transportation network by incorporating
cost-effective retrofit strategies. In this context, Patel et al. [13] created
a three-level hierarchical structure that combines the bridge resilience
index at the 1st level, 4Rs (i.e., Robustness, Rapidity, Resourcefulness,
and Redundancy) at the 2nd level, and TOSE (i.e., Technical, Organi-
zational, Social, and Economical) dimension factors at the 3rd level.
Rasulo et al. [14] proposed a model to evaluate the resilience of road
networks after an earthquake due to bridge damage and restoration ac-
tivities by assessing the impact of earthquake-induced disruptions on
transportation capacities, traffic congestion, and travel times. In addi-
tion, several research studies have been carried out to simultaneously
integrate and compare different risk indicators within a single frame-
work [15-18]. Omidian and Khaji [19] proposed a resilience—cost of
retrofit optimization framework for improving the seismic resilience of
Reinforced Concrete (RC) structures using Non-dominated Sorting Ge-
netic Algorithm-II (NSGA-II).

Policymakers must develop disaster risk reduction methodologies to
find the most optimal mitigation strategies in infrastructure manage-
ment. In this regard, this research proposes a logical and practical op-
timization framework by examining and comparing various objectives,
such as the life-cycle cost, retrofit cost, and resilience index, through
single- or multi-objective optimization. This framework presents a com-
prehensive understanding of the current and future states of the under-
study system, enabling decision-makers to make informed decisions on
how to effectively manage infrastructure throughout its life-cycle. To
demonstrate the proposed framework, an illustrative bridge network
with different site seismicity is used as a case study infrastructure. In this
line, each bridge is considered an RC box girder bridge with different
pier retrofit strategies. These strategies include ten different timeframes
of retrofitting action, eight retrofitting arrangements, and three materi-
als with four different thicknesses (namely, steel, Glass Fiber Reinforced
Polymer (GFRP) and Carbon Fiber Reinforced Polymer (CFRP)). The
first step in the proposed framework is to construct the fragility curves
by performing a series of Nonlinear Time-History Incremental Dynamic
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Analysis (NTH-IDA) for each case. These fragility curves are then used
to calculate the seismic resilience curves/surfaces by assuming recovery
function. In the following step, the life-cycle cost is determined based on
the fragility and hazard curves with multiple seismic events, considering
the impact of the finished/unfinished repair interventions. The imple-
mented LCC formulation for the existing structure includes three costs:
(1) the life-cycle repair cost (including all direct and indirect life-cycle
costs resulting from hazardous events), (2) the life-cycle maintenance
cost, and (3) the cost of retrofit during its service lifetime. In the last
step, the NSGA-II, a widely recognized and efficient evolutionary al-
gorithm for multi-objective optimization, has been implemented in the
MATLAB platform [20]. The algorithm is aimed to identify the Pareto
front, which represents the optimal set of solutions, by minimizing the
LCC (or the cost of retrofit) and maximizing the resilience index. The
flowchart of the optimization framework procedure of this study is pre-
sented in Fig. 1.

2. Theoretical foundations of resilience

Resilience, R(t), refers to the capacity of infrastructure to withstand
and recover from hazardous events, as assessed by a predetermined level
of functionality, O(¢), within a control time (7} ) [21]. The resilience
concept can be calculated as a non-stationary stochastic process with a
piecewise continuous function based on research in different infrastruc-
ture systems [22]. Mathematically, the resilience index can be defined
as follows:

toE+T]
R() = / oe+TLC ?dt
To

5 LC

€]

To evaluate the system functionality, Q(¢), after an extreme event
like an earthquake, it is imperative to consider two critical parameters
of loss and recovery functions during the periods of disruption. Mathe-
matically, this notion can be denoted as:

0@ = 100% — [L(I, Tgg) X {H(t —tog) — H(t = (top + Tgg)) }
X free(t> Top» TrE)]

where L(I, Tyg) is employed to depict the loss function concerning the
intensity of the hazard (1) and the passage of time required to restore
(Tgg)- Furthermore, f,.. is the post-event restoration path, and H(-)
presents the Heaviside step functions (also known as the unit step func-
tion). For an ideally serviceable and intact state, the system functionality
Q(t) is deemed to be 100 % (equal to R(r) = 100%). Based on the same
argument, system functionality declines when the system is damaged
(0 < O(t) < 100%). To assess the robustness (or resilience at tqg; Ry), it
is necessary to quantify the loss of functionality at this time (Q,). Con-
sequently, the resilience index after an event, R, can be determined by

. . Cost of repai . )
a dimensionless cost as (s———2"_) hased on the following relation-
Replacement cost

@

ship:

Ro(%) = Qg = 100% — Y Pp(LS).ry 3)
k

in which P (LS)) refers to the kth limit state of under-study structure

(i.e., slight, moderate, extensive, and complete), which can be derived

from fragility curves [23,24]. Additionally, r, is the damage ratio asso-

ciated with the kth limit state [25].

It is essential to recognize that certain repair activities must be de-
fined to restore the bridge via a specific recovery path [26]. Fuetal. [27]
examined the seismic response of a bridge pier by pointing out the key
factors that influence the effects of repairs. Additionally, as previously
mentioned, the restoration function estimates (measured in time units)
incorporate delays related to decision-making, financing, and inspec-
tions to assess the average recovery time for highway bridge functions.
This study examines the relationship between repair times and vari-
ous damage states through the framework established by Fereshtehne-
jad and Shafieezadeh [28] for four specific damage states. Generally, as
damage severity rises, more time is required to repair the damage and
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Fig. 1. An overview of the optimization procedure of this study.

Table 1

Required recovery time thresholds for seismic damage states and corresponding statistical data [28].

Recovery time (Days)

Damage state (D)) Recovery path

Log-normal mean (Log-normal standard deviation)

T Tob Ty Tep
Slight T + Tyge + Ty 4(3.6) -0 30 (27.4) 0.6 (0.6)
Moderate Ty + Tyop + Tage + Ty 4(3.6) 45 (41.0) 40 (36.5) 2.5 (2.7)
Extensive T + Tpop + Toge + Ty 4(3.6) 45 (41.0) 50 (45.6) 75 (42)
Complete Tons + Ty + Tsee + Trep 4(3.6) 45 (41.0) 60 (54.7) 230 (110)

return the structure to its original (or intact) condition. In this context,
the respective probabilistic log-normal recovery functions, which indi-
cate the required times, are presented in Table 1. In this table, T}, refers
to the time necessary for inspection and assessment, T, indicates the
time needed to develop a repair plan, secure bids, and finalize contracts,
T,,.» Tepresents the mobilization time for resources (including materials
and teams), while 7,,, denotes the duration required for actual repairs.

rep

3. Theoretical foundations of fragility curves

Given the unpredictable nature of earthquake occurrences, a proba-
bilistic approach is reasonable to evaluate structures’ seismic vulnerabil-
ity [29]. Therefore, the likelihood of exceeding a predetermined level of
performance can be stated based on a specific Intensity Measure (I M).
For this purpose, the fragility curves are utilized to demonstrate the
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probability of reaching each damage state (i.e., slight, moderate, exten-
sive, and complete as the kth damage state; D.S)) for a range of ground
motion intensity measure levels. Li [30] developed a probability-based
seismic risk and ground motion framework to propose high-precision
seismic risk functions and models for structure portfolios, incorporating
the influence of ambient temperature on structural fragility that is often
ignored.

The appropriate selection of the Engineering Demand Parameter
(EDP) and IM is pivotal in developing fragility curves. In this line,
Li and Zhong [31] proposed a seismic vulnerability and risk model for
bridges that incorporates both instrumental and macroseismic intensity
measures. Also, Li and Gardoni [32] introduced an optimized Gaussian
distribution model that comprehensively considers the impact of instru-
ment intensity and seismic hazard models on traditional macroseismic
intensity. In addition, Li [33] presented an innovative bivariate inten-
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Threshold of damage state quantities prescribed by HAZUS [25] for the case of initial intact state.

Fragility Curve

Damage State (DS,) Description (A =uy,/H)
Hi Ok
Slight Minor cracking and spalling to the abutment, cracks in shear keys at abutments, minor 0.01 0.6
spalling and cracks at hinges, minor spalling at the column (damage requires no more than
cosmetic repair) or minor cracking to the deck.
Moderate Any column experiencing moderate (shear cracks) cracking and spalling (column structurally 0.025 0.6
still sound), moderate movement of the abutment (<2”), extensive cracking and spalling of
shear keys, any connection having cracked shear keys or bent bolts, keeper bar failure
without unseating, rocker bearing failure or moderate settlement of the approach.
Extensive Any column degrading without collapse - shear failure — (column structurally unsafe), 0.05 0.6
significant residual movement at connections, or major settlement approach, vertical offset
of the abutment, differential settlement at connections, shear key failure at abutments.
Complete Any column collapsing and connection losing all bearing support, which may lead to 0.075 0.6

imminent deck collapse, tilting of substructure because of foundation failure.

sity measurement method and a hybrid seismic vulnerability quantifi-
cation approach to evaluate building clusters during two earthquakes
in Qinghai Province, resulting in a consistent prediction of economic
losses aligned with actual observations. In this respect, various Damage
Indices (DIs) with different types of I M such as Peak Ground Acceler-
ation (PGA), Peak Ground Velocity (PGV), Arias Intensity (AI), Spectral
acceleration (Sa), and Spectral displacement (Sd) have already been pro-
posed by several studies. Recently, Aristeidou and O’Reilly [34] exam-
ined the performance of a novel I M that incorporates ground motion
directionality and structure non-linearity.

The damage index is chosen based on piers’ maximum relative dis-
placement (or drift), which is usually preferred as the damage index
because of its physical sense-making [35,36]. These constant drift lim-
its better serve as a global (system) response quantity [37]. This study
considers the maximum drift of the bridge pier and the PGA as the EDP
and I M indices because of their practicality, efficiency, and sufficiency
in seismic vulnerability assessment, respectively [38-39]. It should be
noted that the PGA is used as a suitable I M for large-scale seismic risk
reduction plans such as bridge networks to prioritize retrofit programs
[40-44]. In a probabilistic seismic vulnerability assessment framework,
the conditional probability Pg(:|-) of demand exceeding capacity can be
evaluated as follows:

Pg(D > DS, |IM) = ¢[i In <EDP>]
Ok Hi
where the log-normal cumulative distribution function, ¢[-], is used to
construct fragility curves according to log-standard deviation (s,) and
median value (4,) for each damage state based on HAZUS [25] (see
Table 2). It should be noted that the choice of distribution for fragility
curves is critical and often dependent on empirical data characteristics,
the nature of the structural response, and specific uncertainties of the
seismic environment. The log-normal distribution is frequently selected
due to its flexibility and ability to model the multiplicative and skewed
nature of parameters affecting damage, offering a realistic framework
for assessing seismic fragility compared to simpler models like normal
or exponential distributions. In this regard, fragility curves are typically
derived from the analytical EDP data predicted by the previously men-
tioned methods, employing a probabilistic model. The lognormal dis-
tribution, defined by two parameters (i.e., log-standard deviation (o)
and median value (y,)) is the most commonly utilized model in these
analyses. It is widely recognized and applied in numerous parametric
analytical fragility studies [1,2,5,6,8,9,11,16-19,25,28,37,45-48].

“)

4. Life-cycle cost analysis (LCCA)

The total life-cycle cost incurred costs, Cror, in an infrastructure
throughout its service lifetime generally includes (I) initial construction
costs C;, (II) total life-cycle maintenance costs C,,, and (III) total life-
cycle repair costs resulting from hazard events like earthquakes Cgp. In
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this regard, it is essential to calculate the expected value of these costs,
considering future uncertainties. The Net Present Value (N PV) is used
to compare and calculate the discounted values of these costs in different
years as:

)

Crorney =Cin +Cynpy + CrpNpy

in which Cror npy> Cin> Cprnpy> and Crp ypy represent the dis-
counted N PV of the total life-cycle cost incurred costs, initial construc-
tion costs, total life-cycle maintenance costs, and total life-cycle repair
costs, respectively. For an existing infrastructure, C; will be equal to
zero in the LCC calculations. However, if there are plans to upgrade
the infrastructure, C;, equals the upgrade costs. In addition, routine
maintenance intervention is frequently undertaken to ensure that infras-
tructure performs optimally. To determine the annual N PV of the total
life-cycle maintenance costs, the following relationship can be used:

Ty c-1

CM,NPV = Z 7' x CM,I
=1

©

where Cy, ypy represents the total expected life-cycle maintenance
costs at a specific year 7, while T}~ indicates the expected service life-
time of the infrastructure. In addition, the annual discount factor is rep-
resented by y = ILH and r denotes the discount rate. In a similar ap-
proach to how Cy, ypy is evaluated, the net present value of total ex-
pected life-cycle repair costs for future years can be determined as:

Tre-1

) B L
CrpNpy = Z 7' X Crpy
t=0

O]

in which the term Cgp, represents the total expected life-cycle repair
costs within the time span [7,¢ + 1], which can be formulated as a func-
tion of the potential damage conditions. By employing the total proba-
bility rule (also known as the law of total probability), this term can be
derived using as follows:

Nis

Crps= . Cop(LSy) X P (LS, [t,1+1])
k=1

®

where N, ¢ stands for the total number of structural limit states, and
C,,(LS)) represents the total expected life-cycle repair costs when the
structure is in a limit state k. The term Pg(LSy.[t,t+ 1]) indicates
the likelihood of the structure being in a limit state k within the
time span [t,7 + 1]. Moreover, C_,p(LSk).PE(LSk,[t,t+ 1]) is commonly
referred to as the risk cost being at the kth structural limit state. The
interpretation of the right side of Eq. (8) is that it represents the dif-
ference in cumulative risk cost between experiencing the kth structural
limit state over the period [0, + 1] and that of the interval [0, 7], as:
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The ratio of the median of damage states for calculating fragility curves, when the structure is intact, to the median of damage states, when the

structure is not initially in the intact state [45].

Damage state in fragility curve for
initial intact limit state

Damage state in fragility curve for initial below limit state

Slight Moderate Extensive
Moderate
Moderate 1.25 Extensive Extensive
Extensive 1.25 Complete 1.5 Complete Complete
Complete 1.25 1.5 2
Nis the (j — Dth hazardous event, indicating if it has been fully repaired

Crpy= 2, {Crp(LSy) X Pp(LSy, 10,1+ 11) = C,,)(LSy) X P (LS, [0,1]) }
k=1

©)]

In terms of mathematics, it is probable that an unspecified number of
earthquake events (denoted as n) may occur over a specified time span.
Again, by employing the total probability rule for the cumulative risk
cost and n events within the time span [0, ¢] for each limit state k, this
cost can be calculated as follows:

Cpp(LS,)-Py (LS. [0.1]) = Y Py, z)<z {C,p(Lsk).PE(LS;n,z) })
n=1

j=1

(10)

where P, (n,1) shows the likelihood of independent n events occurring
within the time interval [0, ¢]. This probability can be derived using the
Poisson distribution function, where v represents the rate of hazard oc-
currence. In this line, PE(LSlﬁn,t) indicates the likelihood of the sys-
tem experiencing the kth structural limit state during the jth hazardous
event. In addition, PE(LS,{n, t) quantifies the probability of incomplete
repairs, allowing for the assessment of cumulative damage.

To determine the risk cost of Eq. (10), it is necessary to compute
Pp(LS, ) as the probability of exceeding a damage state for the under-
study system. In this regard, in Section 3, different damage states (i.e.,
slight, moderate, extensive, and complete) are categorized as the 1st,
2nd, 3rd, and 4th seismic damage states. Subsequently, fragility curves
are developed by utilizing the maximum drift of the bridge pier derived
from structural analysis by utilizing the median and log-standard devi-
ation parameters extracted from Tables 2 and 3 [28,45]. Therefore, the
probability of being in a limit state k between two consecutive damage
states can be calculated by:

Pg (LS, )= Pg(DS,) - Pz(DSiy1) an

The condition of the infrastructure after a hazardous event is influ-
enced by various factors, including the type of the hazard, its severity,
and the infrastructure’s damage state before the event. In this line, when
a hazardous event causes damage to a structure, a repair program is car-
ried out to restore the system to its intact (or original) state. However,
suppose another hazardous event happens before these repairs are fin-
ished. In that case, the expected damage condition is likely to be more
severe than the damage that would have occurred if the structure had
remained intact. For this scenario, it can be logically inferred that the
damage condition is identical to before repairs began. Like the concept
of PE(LS]{|n, 1), term P(DSin, t) can be calculated for a specific hazard
type as follows:

Nps

PE(DS,{n,z> =y ZPE(DS,{ [RSk,,LSj‘lk,],IM,n,t).
k'=1 RS

P([RS LSy, IM, n,1]). Py ([LST 1, 1]).PUIM) (12)

in which P(I M) is the likelihood of the particular hazard intensity and
can be determined by considering a hazard curve depicting the fre-
quency of hazards exceeding a certain intensity measure; 11).|A/1(I M)|.
The term RSy in Eq. (12) refers to the structure repair status after
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(RS, = 1) or not (RS, = 0). By applying the Bayes rule, one can write:

P([RSy =0,n,1LSI"1])
P,(n.1)

When the structure is in the limit state k’ after the (j — 1)th hazardous
event, the repair status is considered incomplete if the time interval be-
tween the (j — 1)th and jth hazards is shorter than the required time to
carry out the repairs for the limit state k’, denoted as 7;,. In this case,
the system is assumed to remain in the limit state k’, resembling its con-
dition after the (j — 1)th hazardous event. Considering that there are n
hazard events occurring within the time interval [0, 7], the probability of
the unfinished repair action at the jth event can be expressed as P((t; —
o) <t G =2.00,1,_1% {0,111, 1,1}, {(n = j), [t;,1]}). This term in-
dicates that the time interval between the (j — 1)th and the jth hazards
should be shorter than the demanded time for repair actions (¢; —7;_; <
7,+). By applying the total probability rule, this concept can be formu-
lated as follows:

P(t; = tiop) < 7w o {G =2 [0, 1 A0, [t 1] o { =), [1:1] )
= P([RS)r =0,n,tLS"™"])

t min{tj,1+rk/,t}
=/O / P(G=2.[0. 1,])P(0. [t1-y. 1,])-
1

P((= ). [t;. 1])Pdt, dr,_,

P([RSk/ = OLSj_lk/,n,t]) =

13)

(14)

where P((j —2),[0, t;_;]1) is the Poisson probabilities of (j —2)
events, which occur during [0, ti_1] (or {(G =2).10, #;_11}). Similarly,
P(0,[t;_y, t;1) is the Poisson probabilities that no hazardous event
should occur during [tj_1,;1 Cor {0, [#;_y,2;1]). Also, P((n— j), [t;, t])is
the Poisson probabilities of (n — j) hazards should take place following
the jth hazard during [¢;,1] (or {(n - j), [t;,1]}).

The fragility curve is a key parameter in the LCC computational
framework, as portrayed in Section 3. In addition, it is assumed that
the structure is undamaged or that the process of repair had been com-
pleted before the jth hazardous event. Alternatively, if neither of these
conditions were met (i.e., intact state), it would be necessary to establish
new thresholds for damage states to compute fragility curves. In this re-
gard, the ratios of median damage states for undamaged and damaged
structures can be derived from Raghunandan et al. [45], as shown in
Table 3. Fig. 2 presents an overall flowchart outlining the infrastructure
LCC assessment framework encountering potential risks.

5. Modeling an illustrative bridge network

In general, infrastructures include simple to complicated systems.
The presented life-cycle cost and resilience optimization framework
can be applied to different types of infrastructure. To implement this
methodology, the first step involves selecting the specific infrastruc-
ture and identifying potential natural hazards as hazard curves. Fragility
curves are then constructed in accordance with structure type and site
characteristics. Afterward, life-cycle cost and resilience can be deter-
mined using the presented formulation. These fundamental steps are it-
erated by considering different retrofit strategies, and the desired objec-
tives (namely, the life-cycle cost, the resilience, and the cost of retrofit)
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Fig. 2. Flowchart for calculating the LCC assessment of infrastructure systems.

are assessed to find the best strategies. An illustrative and simple bridge
network model is used to explain the steps involved in implementing
the multi-objective optimization framework outlined in this study. In
this respect, a detailed discussion of all the steps involved in the pro-
posed optimization framework is explicitly provided for under-study in-
frastructure.

5.1. Bridge network

The proposed multi-objective optimization framework has been ap-
plied to an illustrative bridge network as a case study infrastructure.
However, this framework can be adjusted, extended, and used for the
entire highway infrastructure of a region or a country. For this purpose,
the illustrated transportation network in Fig. 3 is employed, which in-
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cludes 11 bridges and 28 lanes. The network’s bridge type is the Multi-
Span Continuous Concrete Box Girder (MSC—-CBG) bridge. The decision-
maker can employ the LCC-R assessment framework to prioritize the
mitigation measures, including retrofitting and/or monitoring of critical
assets, optimization of recovery strategies and disaster preparedness, in-
surance of the infrastructure against natural disasters, and planning for
the extension of the network.

5.2. Bridge structure

The bridge model used in this study is based on the design presented
by Sultan and Kawashima [49]. This bridge is considered an RC box
girder bridge with three lanes and five spans, including three 53.3 m
interior spans and two 39.6 m exterior spans. Fig. 4 presents further de-
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Fig. 3. Schematic transportation network topology and bridges considered in
this study.

tails of the bridge structure modeled in Finite Element (FE) SeismoStruct
software [50].

This research uses NTH-IDAs to evaluate the under-study structure’s
response. The structural elements are defined using a three-dimensional
inelastic force-based frame element to correctly model material nonlin-
earity. To accurately calculate the damage distribution in the elements,
the SeismoStruct requires the definition of cross-section behavior [50].
For this purpose, the cross-sections are partitioned into the predeter-
mined number of fibers (generally 200), where each fiber represents
the uniaxial stress-strain relationship. Therefore, the stress-strain con-
ditions of the beam-column elements are subsequently determined by
integrating the nonlinear uniaxial stress-strain behavior of each indi-
vidual fiber (Refer to Appendix A for the validation and verification of
the FE modeling conducted with SeismoStruct software [50]).

The concrete material is represented by utilizing the uniaxial nonlin-
ear variable confinement model developed by Madas and Elnashai [51]
that follows the constitutive relationship proposed by Mander et al. [52]
along with cyclic rules proposed by Martinez-Rueda and Elnashai [53].
For steel bar material, FE modeling employs a uniaxial steel model ini-
tially introduced by Yassin [54], incorporating the isotropic hardening
rules suggested by Filippou et al. [55]. In this line, the current imple-
mentation is based on the work carried out by Monti et al. [56]. Also,
an additional memory rule is utilized to improve the numerical stability
and accuracy under transient seismic loading, according to Fragiadakis
et al. [57]. Regarding the material characteristics of the steel jacket,
a uniaxial stress-strain model with kinematic strain hardening is sim-
ulated, as presented in Table 4. The modeling of the Fiber Reinforced
Polymer (FRP) material involves using a simplified uniaxial trilinear FRP
model, which assumes no compressive resistance [58]. CFRP and GFRP
are represented as TU27C-QuakeWrap and VU27G-QuakeWrap, respec-
tively, in SeismoStruct [50]. The model allows for varying numbers of
FRP layers. Both composite materials incorporate high-strength unidi-
rectional fabrics, with material properties sourced from the product data
sheets of QuakeWrap Inc. (refer to Table 4) [50]. In cases where the RC
pier is wrapped with steel/FRP jackets, the concrete cover is considered
concrete confined by the steel/FRP jacket, whereas the concrete core is
considered concrete confined by the FRP and the transverse bars. For
considering the effect of FRP wrapping on concrete confinement prop-
erties, the model developed by Ferracuti and Savoia [59] is utilized,
which incorporates the confining effect of the jacketing materials using
the model developed by Spoelstra and Monti [60]. This model is based
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on the constitutive relationship and cyclic rules for compression and
tension states, as presented by Yankelevsky and Reinhardt [61], respec-
tively. Also, the abutments are regarded according to the guidelines out-
lined in Choi [62]. The abutment model incorporates an additional pas-
sive soil effect in the longitudinal direction based on Maroney et al. [63].
Based on Caltrans recommendations [64], each pile’s effective stiffness
is set at 7 kN/mm. To address the impact between the abutment and
the deck, a ‘bilinear gap’ impact element [65] is utilized. This element
is modeled using non-linear springs with parameters K and A,,. In this
analysis, the maximum deformation or penetration A,,, is assumed to
be 25.4 mm between adjacent decks and 40 mm between the end of the
deck and the back wall of the abutment. The stiffness parameter K is
derived using the model proposed by Muthukumar and DesRoches [65].

For bridge retrofitting, the RC piers are wrapped with three different
materials (i.e., steel, CFRP, and GFRP) in four different thicknesses (T1
to T4). In this line, steel jackets are used in thicknesses of 9.53, 12.7,
19.05, and 25.40 mm. Also, the RC piers are jacketed with CFRP and
GFRP, using 2, 4, 7, and 10 plies; the thickness of each ply is 1.24 and
1.27 mm, respectively. Moreover, eight arrangements (A1 to A8) for the
bridge piers are considered for the retrofit design, as depicted in Fig. 5.

5.3. Strong ground motion selection and structural analysis

This study employs the recognized NTH-IDA method to produce
fragility curves for calculating seismic resilience curves/surfaces and
the LCC. A critical factor in the nonlinear dynamic analysis of struc-
tures is the selection of a sufficient number of appropriate records, as
the results of the analyses are heavily reliant on the input ground mo-
tion [66]. Shome and Cornel [67] suggested that using 10 to 20 Strong
Ground Motions (SGMs) can reflect satisfactory estimates of how a struc-
ture responds under certain conditions. Therefore, this study utilizes 20
SGMs gathered from the PEER database [68]. Table 5 presents the se-
lected strong ground motions data corresponding to earthquake magni-
tudes of approximately 5.5 ~ 7.5 and the typical soil classification (i.e.,
360 < Vg3p <760 m/s). It should be noted that in this research, both
horizontal components (i.e., the L and T components, or x and y direc-
tions) of each earthquake are applied simultaneously to the under-study
bridge, and the vertical component is ignored [69]. Therefore, the max-
imum structural response is determined using the triangle law of vector
addition based on the time history of responses in both directions si-
multaneously. In this line, Fig. 6(a) displays the acceleration response
spectra of 20 SGMs, assuming a damping ratio of 5 %. It is essential to
mention that every considered SGM is divided into ten levels, ranging
from PGA = 0.1 g to 1 g, with each increment of PGA = 0.1 g. In ad-
dition, the hazard curves are probabilistically assumed for the bridge’s
location for the PGA as the I M, using an online application developed
by the United States Geological Survey (USGS) [70]. To investigate the
effect of seismic hazards on the LCC and resilience parameters, it is as-
sumed that the under-study bridge network area is classified into three
seismic zones: high, medium, and low. In this line, these three seismic
intensity levels, as hazard curves, are assumed to be 0.5 g, 0.35 g, and
0.2 g, corresponding to the PGA for a 475-year return period (with a
10 % probability of exceedance in 50 years). It should be noted that
high, medium, and low seismic zones include 3, 4, and 4 bridges, re-
spectively. Furthermore, the resilience index in the multi-objective op-
timization process is determined by an earthquake recurrence interval
of 475 years based on the Probabilistic Seismic Hazard Analysis (PSHA)
conducted at the research site, as shown in Fig. 6(b).

5.4. Cost terms

In this study, various cost terms are taken into account and added
together as C‘,p(LSk) in Eq. (8) to calculate the LCC. A brief overview of
each of these cost terms is provided below.

In this regard, the composite fabrics cost $31.65/m? for GFRP and
$105.92/m? for CFRP plies. In addition, the steel jacket has a unit cost of
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Fig. 4. Finite element model specifications of considered bridge in SeismoStruct software.

$500/ton. As per Caltrans [71] construction data, the average replace-
ment cost of an RC box girder bridge is approximately $1833/m?2. For
bridge annual maintenance costs, it can be assumed that 0.5 % of the
total replacement cost applies for each year.

In the field of structural loss estimation, several research studies
have been carried out to minimize this cost term. In this context, Calvi
et al. [72] developed formulations to quickly calculate the average ex-
pected annual loss, considering both direct and indirect losses, based
on a few straightforward parameters. The framework proposed by Calvi
et al. [72] enables the practical use of loss-based methodologies in seis-
mic design and can be applied to new designs and assessment scenar-
ios. Also, Abarca et al. [73] developed a method for assessing indi-
rect losses resulting from disruptions in road networks, mainly focus-
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ing on evaluating the travel delays experienced by users following a
bridge collapse as an indicator of indirect losses. Abarca et al. [73]
demonstrated that their simplified measure yields reliable estimates
of bridge importance compared to more detailed calculations, thereby
improving our understanding of how road network disruptions affect
resilience.

As emphasized earlier, the community experiences direct and indi-
rect losses following each hazardous event because of incurred damage
to infrastructure. Consequently, a more comprehensive assessment of
these expenses yields a more dependable life-cycle cost estimation. In
this study, the following categories of costs are taken into account: (1)
repair costs associated with structural damage, (2) environmental dam-
age costs, (3) costs associated with delay time, vehicle operation, and
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Table 4
Material properties used in the finite element analysis.
Material Material model in SeismoStruct Mechanical property Value
Concrete Mander et al. nonlinear concrete Compressive strength (MPa) 35
model (con_ma) Tensile strength (MPa) 3.5

Modulus of elasticity (MPa) 27,850
Strain at peak stress 0.002
Specific weight (kN/m?) 24

Steel (bar) Menegotto-Pinto steel model (stl_mp) Modulus of elasticity (GPa) 200.0
Yield strength (MPa) 400
Strain hardening 0.005
Transition curve initial shape 20
Transition curve shape calibrating coefficient (A1) 18.5
Transition curve shape calibrating coefficient (A2) 0.15
Isotropic hardening calibrating coefficient (A3) 0
Isotropic hardening calibrating coefficient (A4) 1
Fracture/buckling strain 0.1
Specific weight (kN/m?) 78

Steel (jacketing) Menegotto-Pinto steel model (stl_mp) Ultimate tensile strength (MPa) 250

Elastomeric bearing Symmetric bilinear curve (bl_sym) Initial stiffness (kN/mm) 14.78
Yield force (kN) 37.77
Post-yield hardening ratio 0.050

CFRP Trilinear FRP model (frp_tl) Tensile strength (MPa) 930
Tensile modulus (GPa) 89.6
Ultimate elongation (%) 0.98
Ply thickness (mm) 1.24
Specific weight (kN/m?) 18

GFRP Trilinear FRP model (frp_tl) Tensile strength (MPa) 587
Tensile modulus (GPa) 27.4
Ultimate elongation (%) 2.3
Ply thickness (mm) 1.27
Specific weight (kN/m?) 18

Fig. 5. Various arrangements used for bridge pier retrofitting configurations.

excess gas emissions for users, (4) costs associated with human casual-
ties, and (5) costs associated with economic losses.

5.4.1. Agency repair costs

The repair costs incurred by the agency can be determined by multi-
plying the replacement cost by a factor r, for each limit state according
to HAZUS [25]. Additionally, Caltrans [71] states that the total life-cycle
repair cost should include two additional costs: (1) contingency costs
and (2) mobilization costs. These two costs should be added to calcu-
late the total life-cycle repair costs. The contingency costs are estimated
to be 20 % of the bridge repair costs, while the mobilization costs are
estimated to be 10 %.

24

5.4.2. Environmental damage costs

As mentioned, the bridge network repair process leads to traffic in-
terruption and delays. Consequently, there is a potential for increased
air pollution, energy consumption, and global warming [74]. This in-
curred cost can be calculated as:

Cp(LSy) = Cppp x min (z,, 1/0) x (Enf,’i/j" - Engij> (15)

D/R s .
where En“zij and Enw/j represent the carbon dioxide emission value at

speeds of V,f and V,.j[.)/ R respectively. Based on Gallivan et al. [75], the
two mentioned speeds refer to the average velocity of vehicles passing

the route ij before and after a hazard event. In addition, the unit en-
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Record No. Earthquake Year Station Name Magnitude R rupture (km) PGA (g) Focal Mechanism
1 Chichi Taiwan 1999 CHYO080 7.62 2.69 0.953 Reverse oblique
2 Northridge 1994 Sylmar - Converter Sta East 6.69 5.19 0.963 Reverse
3 Kobe Japan 1995 Nishi-Akashi 6.9 7.08 0.498 Strike-slip
4 Erzincan Turkey 1992 Erzincan 6.69 4.38 0.488 Strike-slip
5 Loma Prieta 1989 Corralitos 6.93 3.85 0.662 Reverse oblique
6 Helena Montana 1935 Carroll College 6 2.86 0.196 Strike-slip
7 Nahanni Canada 1985 Site 1 6.76 9.6 1.019 Reverse
8 Corinth Greece 1981 Corinth 6.6 10.27 0.272 Normal oblique
9 Norcia Italy 1979 Cascia 5.9 4.64 0.213 Normal
10 Izmir Turkey 1977 Izmir 5.3 3.21 0.41 Normal
11 Northern California 1941 Ferndale City Hall 6.4 44.52 0.115 Strike-slip
12 San Fernando 1971 Fairmont Dam 6.61 25.58 0.111 Reverse
13 Tabas Iran 1978 Boshrooyeh 7.35 24.07 0.106 Reverse
14 Imperial Valley 1979 Calipatria Fire Station 6.53 23.17 0.129 Strike-slip
15 Friuli Italy 1976 Codroipo 6.5 33.32 0.091 Reverse
16 Victoria Mexico 1980 SAHOP Casa Flores 6.33 39.1 0.1 Strike-slip
17 Irpinia Italy 1980 Bovino 6.9 44.62 0.046 Normal
18 Coalinga 1983 Cantua Creek School 6.36 23.78 0.288 Reverse
19 Kern County 1952 Taft Lincoln School 7.36 38.42 0.18 Reverse
20 Northern California 1954 Ferndale City Hall 6.5 26.72 0.203 Strike-slip
5
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Fig. 6. Site characteristics for (a) spectral acceleration versus time period for considered earthquake records and (b) hazard curves for the case study bridge system
in high seismicity area.
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Default relationships for estimating population distribution and casualty rates for bridges based on HAZUS [25].

Distribution of people in census tract (Commuting)

Occupancy 2:00 a.m.

2:00 p.m.

5:00 p.m.

Commuting in cars
Commuting using other modes

0.005(POP)

(PRFIL)0.05(POP)
0.50(1-PRFIL)0.05(POP)

(PRFIL)[0.05(POP)+1.0(COMM)]
0.05(1-PRFIL) [0.05(POP)+1.0(COMM)]

Note 1: The casualty rate is considered 17 %, 20 %, 37 %, and 7 % for casualty severity levels 1-4.
Note 2: POP is the census tract population taken from census data, and COMM is the number of people commuting inferred from census data.
Note 3: PRFIL is a factor representing the proportion of commuters using automobiles, inferred from profile of the community (0.60 for dense

urban, 0.80 for less dense urban or suburban, and 0.85 for rural).

vironmental damage costs term Cp,,, is $33.49/ton of carbon dioxide
emission, as stated by Kendall et al. [76].

5.4.3. User costs of imposed delay, vehicle operation, and excess emission
Closing the bridge site, either partially or entirely, is often inevitable
to ensure the safety of workers/users while repairing damaged elements.
As a result, users experience delays, overworked vehicles, and the emis-
sion of excess gases due to traffic disruptions and increases in fuel con-
sumption, such as hydrocarbons, carbon monoxide, and nitrous oxide
[77]. For example, Abarca et al. [78] introduced a seismic risk method-
ology, which has been applied to a case study involving 617 bridges in
the Italian province of Salerno by analyzing the Average Annual Loss
(AAL), taking into account the median expenses related to car fuel effi-
ciency, fuel prices, and hourly wage rates relevant to the Salerno region.
These factors contribute to the user cost, denoted as Cy;(L.S}), which can
be determined based on the damage repair costs for the under-study
bridge as follows [79]:
PCy(LS,) = min (1, 1/v) (zg/" - zg)

X [(AADT — AADTT) X pc + AADTT X pr| (16)
in which min(z,, 1/v) indicates traffic disruptions expected time, which
is calculated as the minimum of the required repair time for the kth limit
state (r;, as indicated in Table 1) and the expected time difference be-
tween successive hazardous events. For the under-study bridge network,
the Annual Average Daily Traffic (AADT) and the Annual Average Daily
Truck Traffic (AADTT) values for route ij are set at 77,000 and 7392,
respectively [77]. Also, 12 and tg/ R are correspond to the time taken
to pass the route ij without or with partial/complete closures, as deter-
mined by Bocchini and Frangopol [80]. Lastly, p- and p; are $21.79
per hour and $58.83 per hour, respectively [81].

5.4.4. Cost of human casualties

The possible outcome of a damaged bridge network is human ca-

sualties, which include both injuries and deaths. The costs of human

casualties, C; (LS}), can be determined based on the kth limit state as:
4

Cy(LS;) =Y Csp X CREM x NPAR

t=1

an

where Cyg;, is the cost of human casualties for a particular severity level
t. The casualty rate for a severity level ¢ and the kth limit state is de-
noted by CRfL’, and N PAR indicates the total number of people at
risk. These terms for the under-study bridge are adopted based on the
research of Porter et al. [82], HAZUS [25], and Caltrans [83], respec-
tively. In this line, a report released by the California Highway Patrol
[84] encompasses various elements of a significant bridge failure. This
document thoroughly details most of the facts surrounding the struc-
tural collapse. The majority of injuries and deaths occurred on the lower
northbound deck due to the upper deck collapsing onto it. Additionally,
a considerable number of injuries and fatalities were recorded among
drivers on the upper southbound deck. A smaller number of casualties
also happened to individuals on the surface streets next to the collapsed
structure. The model attempts to estimate casualties to people either on
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or under bridges that experience complete damage. The number of peo-
ple on or under bridges and the bridge casualty rates are calculated in
Table 6.

5.4.5. Cost of economic losses

Businesses near the transportation network will experience adverse
effects from traffic disruptions caused by bridge damage following earth-
quake events and the bridge network repair process. In this respect,
Kliesen and Mill [85] suggested that the cost of economic losses can be
estimated as twice the user costs of imposed delay, vehicle operation,
and excess emission.

6. Optimal retrofit strategies

Optimization is a systematic process of finding the most opti-
mal solution or set of solutions for problems with either single- or
multi-objectives, respectively. These optimization problems require ei-
ther maximizing or minimizing the values of objective functions. This
research investigates various optimization objectives using NSGA-II
through Single-Objective Optimization (SOO) and Multi-Objective Opti-
mization (MOO). As a result, the optimization problems are divided into
three sections: (I) the SOO, which focuses solely on minimizing the life-
cycle cost; (II) the MOO-1, which aims to maximize resilience and min-
imize the cost of retrofit; and (III) the MOO-2, which aims to maximize
resilience and minimize life-cycle cost. In this regard, Table 7 demon-
strates the fundamental concept of the optimization problem in this
study.

Table 7
The main steps of the multi-objective optimization framework using the NSGA-
1L

Initialize

User input: population size (N ) random initial population (P, C S),
number of generations t,,,,, variable limit

Retrofit design: Arrangements (a: Various plans used for retrofitting
configurations) &

Materials (m: Steel, CFRP, GFRP) &

Jacket thickness: (j: Steel jacketing: 9.53, 12.7, 19.05, 25.40mm
CFRP jacketing: 2, 4, 7, 10 PLY (each ply=1.24 mm)

GFRP jacketing: 2, 4, 7, 10 PLY (each ply=1.27 mm)) &

Time of retrofitting: (¢;: Various time of retrofitting used for LCC)
Start

While (¢ < t,,,) do

Generate offspring (Q,)

Mutate on Q,

Set R, =P, UQ,

Evaluate objective functions:

Resilience index (a, m, j)

Life-cycle cost (a,m, j, t;)

(or Cost of retrofit (a, m, j))

Apply non-dominated sorting on R,:

Maximize : Resilience Index

Minimize : Life-cycle cost (or Cost of retrofit)

Next generation:

Best of R, population

End while

Return the best set of solutions (Pareto Front)

End
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Fig. 7. Seismic vulnerability assessment in the form of (a) fragility curves for CFRP jacketing, (b) steel jacketing at the moderate damage state, (c) resilience curves
for CFRP jacketing right after an event, and (d) upper and lower bounds of resilience surfaces for GFRP strategies.
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Fig. 7. Continued

6.1. Fragility and resilience curves

The fragility curves are a valuable tool for estimating the seismic vul-
nerability of a system/component, such as a bridge/pier. It is the first
step in assessing the resilience and life-cycle cost. In this process, the
probabilities of pre-defined damage states are determined by assuming a
log-normal distribution function for each retrofit design result obtained
from the IDAs. The fragility curve is generated according to the average
structural response subjected to seismic SGMs, as shown in Fig. 7(a - b).
The results show that the difference in fragility values among the vari-
ous retrofit designs primarily depends on structural parameters (includ-
ing different materials, arrangements, and thicknesses) and site-specific
seismic hazard parameters like seismic intensity level. This difference
becomes more pronounced, particularly for non-retrofitted structures,
as the input seismic intensity and damage state increase from slight to
complete. Also, jacketing bridge piers with additional layers reduces the
discussed difference due to the structure experiencing less non-linear be-
havior. As shown in Fig. 7, using CFRP jacketing has the greatest impact
on reducing vulnerability, as indicated by the fragility curves. For exam-
ple, despite having similar thicknesses of SA1T2 (12.7 mm) and CA1T4
(12.4 mm) in their retrofit strategies (Fig. 5), their fragility values dif-
fer significantly. In this line, under the same conditions at PGA = 0.6 g,
the likelihood of experiencing slight damage is approximately 59 % for
SA1T2 and 35 % for CA1T4.
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In the subsequent step, resilience can be determined by utilizing
fragility curves and recovery functions, as outlined and clarified in
Section 2. The resilience index is deemed a more understandable and
logical parameter for decision-makers than fragility curves. These re-
silience curves can serve as a reference point for program progression
in short-, medium-, and long-term planning. To assess the resilience in-
dex, various retrofit designs are evaluated in the form of curves and
surfaces, as depicted in Fig. 7(c-d). The resilience curve illustrates the
seismic resilience value immediately following an earthquake event of
varying intensities. In contrast, the resilience surface displays how the
infrastructure recuperates to its original condition through repairs. It is
discernible that appropriate retrofit designs mitigate the infrastructure’s
susceptibility to destructive factors, such as seismic input intensity, re-
sulting in greater reliability and predictability.

6.2. Total life-cycle cost analysis

6.2.1. Total life-cycle maintenance cost

As previously mentioned, one of the main objectives of this study is
to minimize the life-cycle cost of existing infrastructure, including the
costs of retrofit, repair, and maintenance throughout its service lifetime.
The total life-cycle maintenance cost is calculated per the bridge’s value
(as formulated in Section 4), including its initial construction cost and
the cost of retrofitting if necessary. Fig. 8 illustrates the total life-cycle
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Fig. 8. Continued

maintenance cost for the chosen retrofit design, considering all relevant
cost assumptions. It can be observed from Fig. 8(a) that the increase in
this cost is dependent on the amount of material (T1 to T4) and pier
jacketing (A1l to A8) used compared to the non-retrofitted bridge. Addi-
tionally, the impact of retrofitting at various time intervals is analyzed
concerning this cost by assuming intervals of 7 years ranging from 0 to
70 years in Fig. 8(b).

The results indicate that the total life-cycle maintenance cost in-
creases at different rates for various retrofit strategies, as shown in
Fig. 8(a — b). To analyze this point more comprehensively, the R/N
ratio is considered, R denotes the total life-cycle maintenance cost of
retrofitted structures and N represents the cost for non-retrofitted struc-
tures (Fig. 8(c)). Furthermore, Fig. 8(d) presents the average R/N ratio
of different retrofit strategies. Based on the results, retrofitting raises the
total life-cycle maintenance cost by approximately 3 % on average.

6.2.2. Total life-cycle repair cost

The most crucial term in estimating the total life-cycle cost is the re-
pair cost. The effects of seismic hazard risks, including the different site
seismicity and the structure’s vulnerability, can be calculated using this
cost term. Therefore, the total life-cycle repair cost is a crucial param-
eter in LCC to determine the best retrofit strategy for an infrastructure.

30

This cost term includes direct losses from structural damage and indirect
losses from various factors, as explained in Section 5.4. The total life-
cycle repair cost is evaluated within the framework for different retrofit
strategies and seismic zones, as depicted in Fig. 9.

Fig. 9(a) demonstrates that the total life-cycle repair cost can vary in
compliance with two factors, namely (I) hazard curves and (II) fragility
curves. Hazard curves reflect site hazard characteristics such as seismic-
ity state, while fragility curves represent the structure’s vulnerability in
terms of dynamic structural properties. These factors are inherently in-
volved in the LCC computational formulation for estimating the total
life-cycle repair, ultimately leading to the superiority of certain retrofit
strategies over others. For example, consider the A4 to A6 retrofit de-
signs, which have an equal number of retrofitted piers (Fig. 5) and,
therefore, result in equal total life-cycle maintenance costs, exhibit dif-
ferences in their total life-cycle repair costs. Hence, the A4 retrofit design
further decreases the total life-cycle repair cost by enhancing structural
resilience against seismic input. This is due to the jacketing of more
central piers compared to the two similar retrofit designs. Moreover,
the timing of retrofitting can significantly influence the increase or de-
crease in this cost term (Fig. 9(b)). The results show that the timing
of retrofitting greatly influences the reduction in total life-cycle repair
cost when it does in the early years. This effect diminishes as the retrofit
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program is postponed. This observation aligns with the PGA values of
the hazard curve in different years and their corresponding fragility val-
ues. To investigate this aspect, the Retrofit Efficiency ratio (RE(%)) is
defined as the ratio of “useful output” to “total input” for the seismic
resilience index as follows:

Useful output

RE(%) = x 100% (18)

Total output
where the useful output denotes the amount of the reduction in the total
life-cycle repair cost due to retrofitting compared to the non-retrofitted
bridge. In addition, the total input indicates the total life-cycle repair
cost of the non-retrofitted bridge. Fig. 9(c) plots the RE for different
GFRP jacketing retrofit strategies. For example, the RE ratios for the
GA1T2 (0) and GA1T2 (21) retrofit strategies for a bridge in high seismic
zones are about 66 % and 26 %, respectively. This indicates the impact of
retrofitting timing, as well as different arrangements, thicknesses, and
materials, in reducing the total life-cycle repair cost compared to the
non-retrofitted bridge. Fig. 9(d) represents the mean RE ratio of the
total life-cycle repair cost for various retrofit strategies and under-study
bridge, which is located in high seismic zones.

It is essential to mention that the RE ratio for the total life-cycle re-
pair cost for bridges in regions with high seismicity is approximately
similar and slightly higher in percentage compared to regions with
medium and low seismicity, and this value is not significant in terms
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of percentage. However, the RE ratio is relatively the same for regions
with different seismicity; the important point is the numerical difference
between the total life-cycle repair costs of retrofitted and non-retrofitted
structures, which manifests itself more prominently in areas with higher
seismicity, particularly in terms of the LCC.

6.2.3. Total life-cycle cost

To determine the total life-cycle cost, the cost of retrofit must be in-
cluded in the total costs of maintenance and repair over the lifespan us-
ing the Heaviside step function. Each retrofit strategy is evaluated, and
its life-cycle cost is calculated (Fig. 10). The results demonstrate that im-
plementing any retrofit design does not always reduce or optimize the
total life-cycle cost compared to the status quo (or non-retrofitted case).
For instance, the life-cycle cost for a retrofit design like SA1T2 (0) is
lower than that of the non-retrofitted structure, whereas SA1T4(0) with
more jacketing material leads to an increase in life-cycle cost and is
considered uneconomical according to the LCC criterion in regions with
moderate seismicity (Fig. 10(a)). On the other hand, SA1T2 (0) is also
more effective in reducing life-cycle cost than SA8T1 (0), with fewer
jacketing material criterion in regions with moderate seismicity. There-
fore, when choosing the best retrofit designs, the cost of retrofit and the
total life-cycle repair cost are more significant factors to consider than
the total life-cycle maintenance cost, especially if the total life-cycle cost
is the sole criterion. The timing of retrofitting is another essential fac-
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Fig. 10. Continued

tor, particularly in large-scale projects with budget planning calendars.
The impact of retrofitting measures in different years is illustrated in
Fig. 10(b).

As evident from Fig. 10(a-b), retrofitting time and other variables
involved in retrofit design exert an indisputable impact on the increase
or reduction of the total life-cycle cost. In this regard, if a retrofit design
is planned to be implemented in the early years (as a retrofit strategy),
the LCC is generally reduced. Conversely, if a retrofit strategy is imple-
mented in later years, its effectiveness in lowering the LCC decreases
and may even increase the LCC compared to the status quo. To further
analyze this section’s results, the RE ratio is employed for the LCC. In
this case, a positive RE ratio suggests a decrease in the LCC, whereas a
negative RE ratio signifies an increase in the LCC (Fig. 10(c-d)). Also, it
can be seen that retrofitting designs in areas with higher seismicity are
more effective in reducing LCC.

6.2.4. Single-objective optimization

This section implements the optimization framework to illustrative
bridge network (see Section 5) using NSGA-II through single-objective
optimization, focusing solely on minimizing the life-cycle cost. In this
line, a series of assumptions are needed for each large-scale retrofit pro-
gram to solve the optimization problem for the bridge network (for ex-
ample, see [40-44]). In this study, the following assumptions are con-
sidered for optimization purposes in the under-study bridge network:
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« It is assumed that all bridges can be retrofitted within 21 years;

+ The bridge retrofit program can be divided into three selected seven-
year periods, including (I) the first seven-year (0-7th year) plan, (II)
the second seven-year (8-14th year) plan, and (III) the third seven-
year (15-21th) plan;

« Two boundary states can be considered for the retrofitting of all
bridges, including (1) the lower bound, where all bridges are
retrofitted in the first seven-year (hereafter, 11BL), and (2) the up-
per bound, where all bridges are retrofitted in the third seven-year
(hereafter, 11BU).

As discussed, the LCC optimization of the bridge network is con-
sidered single-objective optimization, as shown in Fig. 11. It should
be noted that 11BL and 11BU indicate the lower and upper bound of
retrofit optimization based on the LCC, respectively. In the 11BL strat-
egy, the bridges in the region with high seismicity follow the CA1T2
(0), while the bridges in the region with low and medium seismicity
include the GA1T2 (0) retrofit strategy. Also, in the 11BU strategy, the
bridges in the region with high seismicity follow the GA1T2 (14). In
contrast, the bridges in the region with low and medium seismicity in-
clude the GA1T2 (14) and GA1T1 (14) retrofit strategies, respectively.
In addition, another strategy called 4-4-3B is considered for the bridge
network retrofit strategy. In the 4-4-3B retrofit strategy, four bridges
are retrofitted in the first seven-year includes three bridges in the re-
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Fig. 11. Comparison between different bridge network retrofit strategies based on the bridge network life-cycle costs and their (a) resilience index, and (b) cost of
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gion with high seismicity (with CA1T2 (0)) and one bridge in the region
with medium seismicity (with strategy GA1T2 (0)). In the second seven
years, four bridges are retrofitted, including three bridges in the region
with moderate seismicity (with strategy GA1T2 (7)) and one bridge in
the region with low seismicity (with strategy GA1T1 (7)). Finally, three
bridges are retrofitted in the third seven years and three bridges are in
the region with low seismicity (with GA1T1 strategy (14)).

The results of Fig. 11(a) show that the 4-4-3B retrofit strategy is
closer to the 11BL retrofit strategy, and the reason for this is the im-
portance of retrofitting bridges in the region with high seismicity due
to the high RE of its life-cycle cost. As a result, it is recommended that
if there are budget or time limitations for retrofitting all bridges in a
transportation network, priority should be given to more vulnerable
bridges located in areas with high seismicity. Also, a sub-comparison
between the resilience indices of the bridge network is presented for
different retrofit strategies at the end of the retrofitting operation (i.e.,
the third seven-year period) in Fig. 11(a). In this line, the 11BL retrofit
strategy has the highest network resilience index because the retrofit
strategies based on the optimal LCC in the first year mainly include
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design with a high ability for earthquake resistance. These retrofit de-
signs include high-resistant materials with more thickness, resulting
in increased resilience. However, the resilience index decreases with
the later implementation of retrofitting measures. Similarly, a compari-
son can be made between the lower and upper bounds of retrofit op-
timization based on the LCC and their cost of retrofit, as shown in
Fig. 11(b).

In Fig. 11(b), the horizontal axis indicates the number of bridges that
will be retrofitted in the nearest year. Also, the vertical axis indicates
the cost (i.e., the LCC for lines and the cost of retrofit for bars). For ex-
ample, the number 11 on the horizontal axis represents eleven bridges
retrofitted as lower bound (blue color) and the upper bound (red color).
In this regard, the Box & Whisker charts have been used to compare bet-
ter the distribution of different retrofitting options within the LCC lower
and upper bound. The Box & Whisker charts are often used to describe
the dispersion of data. In this chart, a box represents the distance be-
tween the first and third quartiles, and a line inside the box represents
the middle (second quartile). The minimum and maximum data values
are also shown outside the box (Fig. 11(b)).



P. Omidian, N. Khaji and A.A. Aghakouchak

x 10”5

Resilient Cities and Structures 4 (2025) 16-40

150

100 A

75 1

Cost ($)

50 A

71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92
Resilience index (%)

mL-LCC
0(4-4-3B)-LCC
mU-LCC
@SsQ-LcC

@ Status Quo
©GA7T1
©GA4T1
©GA2T1
©GALIT1
©GA2T2
©GA1T2
©GA1T3

T T T T

@

©®GA1T4
®CA1T3
#CA1T4

T T

Yon)
&
o 75
w
<]
o
50 A @ Status Quo
===, Strategy
25 4| =—o—H Strategy
—<&— 4-4-3 Strategy
0 T T l
70 75 80

(b)

85
Resilience index (%)

Fig. 12. General trend of the most optimal solutions for (a) the resilience-cost of retrofit, and (b) the resilience-LCC optimization frameworks.

6.2.5. Multi-objective optimization

While the proposed LCC optimization is a suitable and satisfactory
framework for single-objective optimization, it lacks a distinct criterion,
such as resilience, to effectively demonstrate the level of infrastructure
functionality. In this respect, financial and economic factors heavily
influence the selection of appropriate retrofit strategies for managing
civil infrastructure. Additionally, the resilience index is a reliable mea-
sure for evaluating infrastructures’ functionality and ability to recover
against a hazardous event. To address this issue, two frameworks for
multi-objective optimization (the MOO-1 and the MOO-2, as stated in
Section 6) are introduced and evaluated for all retrofit strategies be-
ing studied within a single-objective optimization framework (i.e., LCC).
The resilience—cost of retrofit optimization framework is independent of
the timing of retrofitting actions because the two parameters in this op-
timization framework are independent of time. However, the resilience
index depends on the region’s seismicity level. Fig. 12(a) shows the set
of most optimal retrofit designs for the bridge network based on the
resilience—cost of retrofit optimization framework.

In Fig. 12(a), the vertical axis indicates the cost (i.e., the LCC for bars
and the cost of retrofit for points). The result of the resilience—cost of
retrofit optimization framework can be classified into two distinct parts:
(I) retrofit designs that demonstrate a relatively linear relationship be-
tween the resilience and the cost of retrofit, which primarily involve
jacketing central piers with cheaper yet stronger materials like GFRP
instead of steel, and (II) retrofit designs that do not have a linear re-
lationship between these two objectives, which involve jacketing most
or all of the bridge piers with thicker materials that are more effective
in reducing vulnerability like CFRP. Also, it can be seen that using the
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resilience—cost of retrofit optimization framework, even if the LCC is not
calculated, the most optimal retrofit designs almost have a lower LCC
than the status quo (or non-retrofitted bridge network).

In this regard, the resilience—cost of retrofit optimization can lead to
a suitable decision-making framework because the performance level of
the infrastructure can be directly measured using the resilience index,
and the cost of retrofit can help better refine retrofitting designs. How-
ever, a significant budget for a retrofit program in a multi-component
complex such as a bridge network is needed. Therefore, bridges must
be prioritized for retrofitting based on the required budget and time.
For this reason, a Resilience-LCC optimization framework is proposed
for bridge network management. The final result of Resilience-LCC op-
timization as Pareto front is depicted in Fig. 12(b).

In Fig. 12(b), the vertical axis indicates the cost (i.e., the LCC for
points and the cost of retrofit for bars). Also, the most optimal retrofit
strategies for lower bound, upper bound, and the 4-3-3B are presented
in Table 8. The findings indicate that to achieve the most effective
retrofit strategies, it is crucial to strike a balance between the cost of
retrofit and the reduction in total life-cycle repair cost resulting from
retrofitting. The timing of the retrofitting is also an essential factor to
consider in the overall optimization framework for life-cycle cost. It is
evident from the results that steel jacketing is not among the top opti-
mal retrofit strategies due to its higher cost and lesser effectiveness in
reducing the total life-cycle repair cost compared to GFRP and CFRP
materials. Based on the Resilience-LCC optimization results, the most
effective retrofitting approaches involve using CFEP and GFRP materi-
als of medium to high thickness to jacket all the bridge piers during the
initial years of the retrofitting program. This is because this approach
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Table 8
The most optimal retrofit strategies based on the resilience-LCC optimization framework.

Strategy

- : . - - LCC (%) R (%)
Name Low Seismicity Medium Seismicity High Seismicity
Strategy L1 GA1T2 (0) GA1T2 (0) CA1T2 (0) 9,568,799 85.20
Strategy L2 GA1T2 (0) GA1T2 (0) GA1T4 (0) 9,690,442 85.82
Strategy L3 GA1T2 (0) GA1T3 (0) CA1T2 (0) 9,760,630 86.38
Strategy L4 GA1T2 (0) GA1T3 (0) GA1T4 (0) 9,779,533 87.00
Strategy L5 GA1T3 (0) CA1T2 (0) GA1T4 (0) 10,007,180 87.77
Strategy L6 GA1T4 (0) GA1T4 (0) GA1T4 (0) 10,167,743 88.63
Strategy L7 CA1T3 (0) CA1T3 (0) CA1T3 (0) 10,712,656 90.23
Strategy L8 CA1T4 (0) CA1T4 (0) CA1T4 (0) 11,795,512 92.20
Strategy H1 GA1T2 (14) GA1T2 (14) GA1T2 (14) 11,505,247 83.54
Strategy H2 GA1T2 (14) GA1T2 (14) GA1T3 (14) 11,676,144 84.87
Strategy H3 GA1T2 (14) GA1T2 (14) GA1T4 (14) 11,731,902 85.82
Strategy H4 GA1T3 (14) GA1T3 (14) GA1T3 (14) 12,228,288 86.52
Strategy H5 CA1T2 (14) CA1T2 (14) CA1T2 (14) 12,250,519 87.27
Strategy H6 GA1T4 (14) GA1T4 (14) GA1T4 (14) 12,694,498 88.63
Strategy H7 CA1T3 (14) CA1T3 (14) CA1T3 (14) 13,050,352 90.23
Strategy H8 CA1T4 (14) CA1T4 (14) CA1T4 (14) 14,365,732 92.20
Strategy 4-4-3B1 GA1T2 GA1T2 GA1T3 10,727,687 84.87
Strategy 4-4-3B2 GA1T2 GA2T3 CA1T2 10,950,920 85.39
Strategy 4-4-3B3 GA1T2 GAIT3 CA1T2 10,980,749 86.38
Strategy 4-4-3B4 CA1T2 CA1T2 CA1T2 10,999,816 87.27
Strategy 4-4-3B5 GA2T3 CA1T2 CA1T3 11,265,854 88.10
Strategy 4-4-3B6 GA1T4 GA1T4 GA1T4 11,359,705 88.63
Strategy 4-4-3B7 CA1T3 CA1T3 CA1T3 12,170,773 90.23
Strategy 4-4-3B8 CA1T4 CA1T4 CA1T4 13,312,866 92.20s

considers both the functionality/performance and cost-benefit effects si-
multaneously and directly within this framework. Hence, the determina-
tion of the most suitable retrofit approaches considers three key factors:
(1) the significance of minimizing the total life-cycle repair cost, (2) the
cost of retrofit, and (3) the total life-cycle maintenance cost.

7. Conclusions

This study proposed a logical optimization framework that aims to
facilitate decision-making and identify the most effective retrofit strate-
gies for infrastructure management. In this regard, single- and multi-
objective optimization frameworks are examined and compared for an
illustrative bridge network. The different objectives include the LCC as
a single objective optimization, the resilience-cost of retrofit, and the
Resilience-LCC as multi-objective optimizations. For this purpose, dif-
ferent retrofit strategies are considered, including three materials (steel,
CFRP, and GFRP), four thickness grades (T1 to T4), eight arrangements
(A1 to A8), and ten timings of retrofitting actions. Based on the results,
specific conclusions are summarized as follows:

Logical optimization frameworks are suggested to identify the best
retrofit strategies that minimize the life-cycle cost (or the cost of
retrofit) and maximize the resilience index for the bridge network
through the Non-dominated Sorting Genetic Algorithm IL.

Life-cycle cost analysis is conducted under multiple occurrences of
seismic hazard, and retrofit strategies include various times, materi-
als, thicknesses, and arrangements.

The fragility curves are created based on the specific structural and
site characteristics. The gap between the calculated fragility value
and the damage state severity (from slight to complete) increases
with higher seismic intensities, especially for non-retrofitted struc-
tures.

The resilience curves/surfaces demonstrate that choosing an appro-
priate retrofit design enhances predictability and reliability in the
face of uncertainties.

The total life-cycle maintenance cost is directly related to the com-
bined costs of the bridge’s initial value (or the cost of construction)
and the cost of retrofit. Based on the R/N ratio, the retrofit actions
cause an approximate 3 % increase in this cost.

.
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« The total life-cycle repair cost is controlled by factors such as seis-
mic hazard curve, structural vulnerability, and incurred direct and
indirect losses. Additionally, different timings of retrofitting have
a crucial role in decreasing the total life-cycle repair cost, with
early retrofitting significantly reducing this cost term. The RE ra-
tio demonstrates the positive impact of implementing retrofit in the
initial years, but this effect diminishes when the retrofit program is
postponed.

The total life-cycle cost results indicate that each retrofit strategy has
a unique impact on reducing or increasing this cost term compared
to the non-retrofitted case. It is essential to mention that the retrofit
program has the most significant effect in the first years. However,
delaying these actions significantly diminishes their effectiveness to
the point where they may even raise the LCC. To determine the most
optimal retrofit strategies based on the total life-cycle cost criteria,
it is essential to balance two critical factors, including reducing the
total life-cycle repair cost caused by retrofitting and minimizing the
cost of retrofit.

Through comparing various optimization frameworks such as single-
objective optimization (i.e., the LCC), multi-objective optimization
1 (the resilience—cost of retrofit), and multi-objective optimiza-
tion 2 (the Resilience-LCC), it can be inferred that the proposed
LCC-resilience approach provides more comprehensive strategies
by taking into account simultaneously both functionality and cost-
effectiveness.

Relevance to resilience

Resilience is increasingly becoming a central idea in designing, as-
sessing, monitoring, maintaining, and managing infrastructure systems.
Resilience can be defined as the ability of a system to withstand the
effects of disruptive events and efficiently recover to pre-event perfor-
mance. In infrastructure management, decision-makers need to develop
disaster risk reduction methodologies to find the most optimal miti-
gation strategies. In this regard, this research proposes a logical opti-
mization framework by investigating and comparing various objectives,
such as resilience and life-cycle cost, through single- or multi-objective
optimization. This framework presents a comprehensive understanding
of the current and future states of the under-study system, enabling
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decision-makers to make informed decisions on how to effectively man-

° T #5 Double hoops
age infrastructure throughout its life-cycle.

#11 Straight rebar
@ 152 mm
(Total 18)
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To validate the accuracy and reliability of the outcomes derived from 0 5 10 15 20 25
the modeling conducted via the SeismoStruct software [50], a nonlin- Time (sec)
ear time-history analysis is undertaken. This analysis aims to assess the
behavior of an actual RC bridge pier subjected to a uniaxial SGM based ©
on the study conducted by Bianchi et al. [86]. Fig. Al(a) illustrates the
actual model installed on the shaking table. The RC bridge pier was de- Fig. Al. General view of (a) a full-scale tested reinforced concrete bridge pier
signed according to the Caltrans design specifications and criteria [87]. [86]. The numerical and experimental (b) base shear and (c) top displacement
However, it was not based on any existing prototype RC bridge pier. caused by the seismic record used in Bianchi et al. [86].
The cantilever RC bridge pier had a diameter of 1.22 m (4 feet) and
extended 7.31 m (24 feet) above its footing. With an aspect ratio of 152 mm interval. The clear cover of the hoops was 51 mm (2 inches).
six (height to diameter), the test specimen was expected to behave in a Fig. Al illustrates the layout of the column reinforcement and the ge-
nonlinear manner, primarily exhibiting flexural behavior. The column ometry of the test specimen, consistent with standard bridge construc-
was not straightened or repaired between tests. For longitudinal rein- tion practices in California; all steel reinforcement met the ASTM A706,
forcement, it featured eighteen 35.8 mm (#11) bars arranged in a sin- Grade 60 specifications. The longitudinal reinforcement ratio of the col-
gle concentric layer. The transverse reinforcement included butt-welded umn was 1.55 %, which is typical of current standards. The transverse
double 15.9 mm (#5) hoops spaced 152 mm (6 inches) apart. The dou- reinforcement achieved a volumetric confining ratio of 0.95 %. The re-
ble designation indicates that two hoops were bundled together at each inforcement conformed to Caltrans minimum and maximum specifica-
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tions [87]. The estimated axial load at the base of the column was 2.53
MN (570 kips). Considering the concrete strength measured on the first
day of testing, this axial load resulted in an axial load ratio of 5.3 %. For
model validation, Fig. A1(b-c) compares the responses of base shear and
top displacement for the bridge pier simulated using the SeismoStruct
and the results obtained from the shaking-table experiment. Obviously,
there is a close alignment between the numerically predicted and ex-
perimentally measured time-history data for both top displacement and
base shear responses.
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