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Abstract

Life-Cycle Cost Analysis (LCCA) is an approach that has gained popularity for assisting
the design of civil infrastructures. The LCCA approach can be leveraged for structures
equipped with structural health monitoring (SHM) systems in order to quantify the benefits
of the technology and de facto support its long-term implementation. However, for new
structures, the long-term assessment of the expected value of the total investment cost, in
terms of the current worth at the design time, is still the focus of ongoing research due
to unknowns and uncertainties on the impact of the SHM system on long-term structural
performance. This paper proposes a new combined model of life-cycle cost formulation
and simulation methodology for the long-term financial assessment of transportation bridges
equipped with seismic SHM systems, in order to evaluate the total costs and benefits offered
by such monitoring systems for post-seismic assessments. The formulation characterizes the
time evolution of bridge management cost terms, highlighting the most sensitive parameters.
The simulation methodology allows to quantitatively weigh each maintenance action on the
total cost based on when the action is performed. The model is used to compare structures
managed by the traditional approach of post-earthquake inspection versus those managed by
a condition-based approach enabled by SHM systems. The originality of the model empowers
the comparison by payback time, defined as the break-even point between costs and benefits
of an SHM system, as well as by economic gain, defined as the difference between the total
costs of an unmonitored versus a monitored structure through the end of service life. The
proposed model is demonstrated through parametric analyses on a case study consisting of
a continuous steel-concrete composite bridge, where the SHM system is used to monitor the
elastic limit state condition of bending forces in piers during the earthquake.

Life-cycle cost analysis, Structural health monitoring, Earthquake-induced damage, Cost-
benefit, Payback time

1 Introduction

Civil infrastructures, such as transportation bridges, energy systems, and buildings, are prone
to progressive deterioration and extraordinary events that may compromise their stability and
lead to collapses that may cause large economic losses and fatalities [1, 2]. In order to prevent
such consequences, these structures are subject to long-term management plans aimed at en-
suring structural integrity, thereby reducing the expected value of the cost of failure. Typically,
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structural assessment is conducted through visual inspection conducted regularly as required
by standards [3, 4]. It is also common to conduct post-event inspections to verify structural
integrity [5]. It follows that such inspections result in time-based or maintenance-based actions.
Nevertheless, it is known that condition-based maintenance actions could yield more optimal
maintenance operations, thereby reducing costs associated with operations [6, 7]. Such pro-
cess would require immediate knowledge of structural conditions in order to plan management
campaigns accordingly. The process of structural condition assessment can be automated by
the use of sensors and engineered signal processing algorithms, a process known as structural
health monitoring (SHM). Numerous research efforts have been devoted to the design and de-
ployment of SHM strategies enabling condition-based maintenance, with a particular attention
to transportation bridges [8, 9, 10, 11]. However, the field deployment of these systems is still
uncommon, mainly attributable to the costs of the SHM systems and lack of clear financial
benefits.

A solution is to conduct life-cycle cost analysis (LCCA) to quantify the performance of SHM
systems over the structural lifetime. LCCA is often used to supplement the design process for
civil infrastructures deemed of great economic and societal importance. The methodology allows
to account for various costs, including those related to construction, inspection, maintenance,
retrofits, and disposal [12, 13, 14, 15]. LCCA was extensively used to optimize bridge designs [16,
17, 18, 19, 20, 21, 22], identify optimal retrofitting solutions [23, 24], evaluate the performance
of supplemental damping systems [25, 26], account for material degradation [27, 28, 29], and
assess optimal bridge maintenance decisions [30, 31, 32]. LCCA was also proposed to quantify
costs and benefits of bridges equipped with SHM systems. Among those, Orcesi and Frangopol
[33] included SHM data in a bridge life-cycle cost analysis framework in order to determine
optimal maintenance strategies based on monitoring information. Thomson [34] computed the
economic value from the delayed cost of borrowing funds to replace or rehabilitate structures
resulting from SHM. Kim and Frangopol [35] proposed a computational platform to determine
the optimum number of monitorings, and the start and duration of the monitoring periods,
based on multi-objective optimization. Cost analysis performs an active tool in the application
of value of information theory of SHM [36], in order to tie SHM data to decision-making process:
Long et al. [37] used economic benefit among the influencing parameters in the quantification
of the value of damage detection system (DDS), as part of SHM, and the Vega and Todd [38]
in the quantification the value of implementing SHM using a Bayesian neural network (BNN)
surrogate model.

Despite the existing efforts on cost-analysis for SHM systems, a complete tool that can be
directly used by bridge managers during the decision process is still missing. In this paper, a
novel combined model of life-cycle cost formulation and simulation methodology is proposed, in
order to evaluate the total costs and benefits offered by seismic SHM systems for post-earthquake
assessment of transportation bridges. The framework is termed LCCA-SHM. The cost model
characterizes the evolution of the different cost terms relative to the bridge management, such
as scheduled and post-event inspection and maintenance operations, over the lifetime of the
structure. The model accounts for the planned condition-based post-earthquake inspection
based on seismic SHM data and maintenance strategy. In addition, the update on the probability
of failure resulting from scheduled and post-event maintenance operations is performed, with
consequent improvement of the assessment of the expected value of maintenance costs. The
simulation methodology consists of creating time distributions of seismic events along the lifetime
of a given bridge by sampling the site hazard curve, and numerically evaluating the structural
response by Finite Element (FE) modeling. Through an original combination of cost model and
stochastic simulations, the main parameters influencing the financial gain for the specific type
of monitoring system are highlighted at first, and the expected gain quantified. The proposed
model is demonstrated through the case study of a continuous steel-concrete composite bridge
equipped with a seismic SHM system in order to monitor the elastic limit state condition of
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the bending moment in piers during seismic events. The financial benefit of the seismic SHM-
based inspection strategy is assessed and the performance is quantified in terms of payback
time and economic gains. While the presented case study effectively illustrates how to apply
the proposed LCCA framework in practice, reaching general conclusions on the superiority of a
specific monitoring strategy over a particular inspection plan is outside the scope of the present
paper. The process is repeated a large number of times using the Monte Carlo method in order
to generate a probabilistic interpretation of the most sensitive parameters.

The proposed approach yields an original quantitative measure of the financial gain of the
system in a life cycle perspective, identifying when and to what extent a seismic SHM monitoring
system is actually worth installing. A typical decision that an infrastructure operator or manager
may take based on the proposed method would be that of installing an array of sensors over a
bridge if the seismic hazard exceeds a certain level or if the indirect costs associated to a possible
post-earthquake closure of the bridge would be too high considering the transportation network
in which it is to be inserted. The proposed methodological approach, illustrated in detail for
seismic threshold systems, aims at addressing an unexplored gap in literature by providing a
practical tool for the design of infrastructure monitoring and decision systems.

2 Proposed LCCA-SHM Model

2.1 Cost analysis of bridges with SHM systems

The expected total life-cycle cost of a monitored bridge can be expressed by extending previous
cost models [39, 22, 40] as follows:

E[C(tL)] = C0,b + C0,SHM +

tL∑
t=1

E[CS(t)] + E[CI(t)] + E[CM(t)]

(1 + r)t
+

CD(tL)

(1 + r)tL
(1)

where tL is the lifetime of the bridge (in years); C0,b the initial cost of the bridge taken as
the sum of construction and material costs of the various elements (foundations, structure,
pavement, piles and abutements, etc.) and costs associated with design and testing; C0,SHM the
SHM system initial cost comprising sensors, data acquisition system, data transmission system,
and installation costs; E[CS(t)] the expected SHM system management cost at time t; E[CI(t)]
the expected inspection cost; E[CM(t)] the expected structural maintenance cost; CD(tL) the
disposal cost for the demolition of the structure that occurs at time tL at the end of service life,
and r the discount rate.

If the structure is equipped with a permanent monitoring system, the expected monitoring
system cost can be defined as an annual management cost:

E[CS(t)] = cSnS(t) (2)

where cS is the reference cost of the monitoring system per unit of time, and nS the number of
units of time. This includes the cost of electricity for powering the sensors and data acquisition
system, and the data processing costs, which can be expressed as a percentage of the initial
cost, C0,SHM, based on the known electricity consumption of various components. Also, this
term may include an annual rate to account for the need to replace or repair some components
of the SHM system over the structural lifetime.

The use of an SHM system has the potential to yield savings in inspection and maintenance
operations. The inspection costs are associated with scheduled operations carried out at regular
intervals [41, 42], while maintenance costs depend on the probability of damage detection [16].
The expected inspection costs at time t can be computed as:

E[CI(t)] = cschdI (t) + E
[
cSHM
I (t)

]
(3)
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where cschdI denotes costs associated with scheduled and periodic inspections, with:

cschdI (t) =

L(t)∑
l=1

nI,l(t)
(
cschdI,l + cschdI,l,ind

)
(4)

where L is the total number of scheduled inspection operation types at time t; nI,l the number of
l-type inspections planned at time t; cschdI,l the l-type scheduled inspection direct cost; cschdI,l,ind the
indirect cost, here defined as the cost corresponding to the discomfort to users for interruptions
or deviations of traffic caused by inspection operations [21, 43, 44].

Term E[cSHM
I (t)] in equation (3) represents the costs of additional inspections with respect

to scheduled operations, which are activated following alerts from the monitoring system. It
can be generally defined as the product of the unit cost of inspection and the probability of
occurrence:

E
[
cSHM
I (t)

]
=

N∑
i=1

pSHM
I,i (t)

(
cSHM
I,i + cSHM

I,i,ind

)
(5)

where N is the total number of types of limit states, or damages, that the monitoring system is
capable of detecting; pSHM

I,i (t) the probability that the monitoring system detects the i-th type

of damage; cSHM
I,i and cSHM

I,i,ind are the direct and indirect inspection cost associated to the i-th
type of damage.

The expected maintenance costs at time t can be taken as:

E[CM(t)] = E
[
cschdM (t)

]
+ E

[
cSHM
M (t)

]
(6)

where E[cschdM (t)] is the expected value of cost related to maintenance that must be conducted
after a previous scheduled inspection has detected damage, and, for nomenclature consistency,
this operation is defined as scheduled maintenance; and E[cSHM

M (t)] the cost of maintenance
operations that follow the alerts from the SHM system.

Term E[cschdM (t)] can be computed as:

E
[
cschdM (t)

]
=

L(t)∑
l=1

nI,l(t)∑
j=1

pj,l(t)
(
cschdM,l + cschdM,l,ind

)
(7)

where pj,l(t) is the probability that the j-th l-type inspection at time t reveals a damage; cschdM,l

and cschdM,l,ind are the direct and indirect scheduled maintenance operations costs planned to fix
the damage identified by the l-type inspection.

Term E
[
cSHM
M (t)

]
can be taken as:

E
[
cSHM
M (t)

]
=

N∑
i=1

pSHM
M,i (t)

(
cSHM
M,i + cSHM

M,i,ind

)
(8)

where pSHM
M,i (t) is the probability that the inspection confirms the i-th detected damage; cSHM

M,i

and cSHM
M,i,ind are the direct and indirect maintenance costs planned to fix the i-th type of damage.

Indirect costs can be of significant importance, especially for unscheduled operations. Among
those surveyed by Lee et al. [16], the cost of fatalities and accidents (CH), associated with the
consequences caused by interruptions or deviations, and the cost of road users (CU), associated
with the traffic delay caused by management operations, are selected and considered in this
work. Therefore, the indirect costs in Eqs. (4), (5), (7) and (8) are written:

cind = CH + CU (9)
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Cost CH is evaluated as [45]:

CH = CMfNf + CMdNd + CGNG (10)

where CMf is the mean cost per injured user; Nf the number of injured users; CMd the mean
cost per dead user; Nd the total number of deaths; CG the mean cost per accidents; and NG the
number of accidents.

Cost CU can be taken as [46]:

CU =

(
L

Vt
− L

Vn,i

)
N ·ADT

2∑
i=1

DTCipi (11)

where L is the length of the considered section road; Vt the restricted speed in the work area;
Vn,i the speed in normal condition for the i-th user type, either car or truck; N the number of
working days; ADT the average daily traffic; DTCi the cost per hours for the i-th user type
and pi is the percentage of vehicles of i-th type.

2.2 Life-cycle management cost of bridges equipped with Seismic SHM sys-
tem

In this section, the previous equations are further specialized for an SHM system used in the
post-seismic evaluation of the structure’s critical components [47]. The term failure mode is
used to indicate the investigated damage mechanism, and the term damage state denotes the
severity of the failure mode. Monitoring data can be used to define a condition-based post-event
inspection strategy. The SHM system provides mutually exclusive information on the health
state of components for specific failure mode, DSi. These assessments are made with reference
to a threshold value THs for each assumed damage state of an i-th failure mode. Thresholds
are expressed in terms of reference parameters detectable by the system and representative of
each failure mode. If during a seismic event the response of some critical structural components
exceeds a percentage, PT , of the reference threshold, the system reports an alert (e.g., Damaged
or Undamaged, or Undamaged, Damage1, ..., DamageS, Failure) relative to a level of damage.
The choice of the percentage values depends on the level of safety to be guaranteed. It is also
used to englobe all major sources of uncertainty in the problem, such as the precision of the
sensors, the errors due to signal processing, and the epistemic errors that influence the analytical
estimate of the thresholds. After an alert from the monitoring system, extraordinary inspection
operations are performed. Eventually, extraordinary maintenance operations are executed if the
previous inspection operations verified that the damage state is actually reached.

Due to the selected type of monitoring system, the costs associated with the alerts of the
monitoring system are counted only when a seismic event occurs. For this purpose, the lifetime
of the instrumented bridge is subdivided into a set T of annual intervals ti (t1≤ti≤tL), from
which a subset T̄ of earthquake arrival times t̄i is extracted. The management strategy for the
bridge equipped with the SHM system is also specialized for post-seismic events. Two levels of
damage, (Undamaged or Damaged), for each failure mode are considered in what follows. Since
failure cost CF and disposal cost CD are not functions of monitoring, they are omitted in the
rest of the paper. For brevity, three possible conditions are considered:

a) ti 6∈ T̄;

b) ti ∈ T̄; for nDi (ti) critical bridge components, the monitoring system provides an alert for
the i-th failure mode so that they are classified as Damaged, but extraordinary inspections
do not confirm damage;

c) ti ∈ T̄; for nDi (ti) critical bridge components, the monitoring system provides an alert for
the i-th failure mode so that they are classified as Damaged, and extraordinary inspections
confirm damage.
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The possible presence of post-event damaged components not identified by the SHM system
is ignored in this paper.

For case a), the inspection and maintenance costs are obtained from Eqs.(3-5) and (6-8):

E[CI(ti)] =

L(ti)∑
l=1

nI,l(ti)
(
cschdI,l + cschdI,l,ind

)
(12)

E[CM(ti)] =

L(ti)∑
l=1

nI,l(ti)∑
j=1

pj,l(ti)
(
cschdM,l + cschdM,l,ind

)
(13)

For case b), the inspection costs become:

E[CI(ti)] =

L(ti)∑
l=1

nI,l(ti)
(
cschdI,l + cschdI,l,ind

)
+

N∑
i=i

nD
i (ti)∑
d=1

(
cSHM
I,i,d + cSHM

I,i,d,ind

)
(14)

E[CM(ti)] =

L(ti)∑
l=1

nI,l(ti)∑
j=1

pj,l(ti)
(
cschdM,l + cschdM,l,ind

)
(15)

where additional inspection operations are activated through the monitoring system’s alarms
for the critical components of the bridge classified as ”Damaged” under a specific failure mode.

In case c), the inspection and maintenance costs become:

E[CI(ti)] =

L(ti)∑
l=1

nI,l(ti)
(
cschdI,l + cschdI,l,ind

)
+

N∑
i=1

nD
i (ti)∑
d=1

(
cSHM
I,i,d + cSHM

I,i,d,ind

)
(16)

E[CM(ti)] =

L(ti)∑
l=1

nI,l(ti)∑
j=1

pj,l(ti)
(
cschdM,l + cschdM,l,ind

)
+

N∑
i=1

nD
i (ti)∑
d=1

(
cSHM
M,i,d + cSHM

M,i,d,ind

)
(17)

where, in addition to possible scheduled maintenance operations triggered at time ti, extraordi-
nary inspections are also performed for the nDi (ti) critical components of the bridge.

3 Simulation methodology

3.1 Post-event operations

To simulate the probabilities associated with the SHM system, pSHM
I,i (t) and pSHM

M,i (t), the set T̄
(called hereafter earthquake realization) comprising the arrival times of seismic events, during
the lifetime of the bridge and their intensities, and the structural responses are evaluated using
the following methodology:

1) Outline condition-based post-earthquake inspection strategy, in accordance with the pre-
vious section:

a) select the number, N , and the types of the failure modes, DSi, of the bridge to
monitor;

b) identify for each DSi the number and the types of the damage states;

c) choose the most representative damage parameter associated with the identified dam-
age states, compute the corresponding threshold values, THs, and set the percentages;

d) set up the most suitable seismic SHM system able to monitor the selected damage
parameter, in order to compute the monitoring costs; and
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e) organise the extraodinary inspections referred to the exceedace of each %THs, in
order to compute the costs related to each operations.

2) Generate earthquake realizations for the structure’s lifetime by Monte-Carlo method [12],
as follows:

a) define the seismic hazard curve of the site (Peak Ground Acceleration, PGA, versus
annual frequency of exceedance, λ);

b) sample the PGA values from the hazard curve of the bridge site;

c) generate for each pair PGA-λ a statistically significant size sample of the arrival times,
t̄i, of the event of intensity PGA and mean λ according to the Poisson distribution:
the events are considered as uncorrelated and the sample sizes are equal and chosen
on the basis of the largest return period of the variables; and

d) extract randomly a lifetime size window for each PGA: the overlapping of the time
windows for the different PGAs provides the distribution of the seismic events of
interest over bridge lifetime.

3) collect a database of acceleration time series sorted by seismic intensity corresponding to
the PGA values obtained by sampling of the hazard curve;

4) construct the FE model of the bridge and apply the acceleration time series in accordance
with the earthquake realizations; and

5) extract structural responses randomly from an acceleration time series among those avail-
able within the intensity category corresponding to that of the earthquake.

Based on the presented methodology, the probabilities at time t̄i take binary values depending
on the simulation results: pSHM

I,i is equal to 1 when the percentage value PT of the reference

threshold THs is exceeded, while pSHM
M,i is equal to 1 when the damage is confirmed by the

inspection, that here coincides with the case where the full threshold (100% value) is exceeded.

3.2 Scheduled operations

Scheduled inspections are meant to ensure structural integrity and are used to detect damage
caused by degradation, corrosion, etc. In this work, the effects of this process on the structural
performance are represented by the probability pj,l(t), so defined in section ”Cost analysis of
bridges with SHM systems” and hereinafter defined as p(t). The assessment of the process’s time
evolution in the design phase allows to simulate the schedule management operations. This a
priori evaluation can be conducted per failure mode.

To assess the damage probability, let EDP be a vector collecting the Engineering Demand
Parameter that have to be limited in order to avoid potential failure modes during an earthquake,
the occurrence of a failure mode, DS, is described by a fragility function P (DS|EDP ) that is
the complementary cumulative distribution function of DS, conditional on the occurrence of
EDP . Without loss of generality, it is assumed that the fragility function varies discretely every
year as a function of structural degradation. The mean value of the distribution represents the
structural capacity for the failure mode that decreases with ageing.

By exploiting the damage-dependent fragility function, the probability of failure is com-
puted according to the following hypotheses: i) the uncertainty in the structural parameters
is neglected; ii) the structural behaviour is linear; iii) the structure is restored to its original
condition after each damage occurrence; and iv) damage is either caused by ageing or by the
occurrence of seismic events.
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Under these assumptions, the generic annual probability of exceeding the examined failure
mode, p(t), can be computed as [13, 14, 48, 49]:

p(t) =

∫ ∫
P (DS|EDP )(t)f(EDP |IM)f(IM)d(EDP )d(IM) (18)

where IM the vector of the seismic intensity measures (e.g. the PGA at the site of the bridge);
f(EDP |IM) the probability density function (PDF) of EDP conditional on IM and f(IM)
the PDF of the seismic intensity measure.

4 Case Study

4.1 Bridge numerical model

The proposed LCCA methodology is numerically demonstrated on an example structure consist-
ing of an existing curved plan configuration continuous steel-concrete composite highway bridge
located in central Italy. The bridge includes 10 spans of lengths varying from 44 to 70 m, for
a total length of 574 m. The deck is 12.55 m wide and the cross-section is constituted by two
double-T steel girders spaced at 7 m and covered with 32 cm thick concrete slab (26 cm of cast
in-situ concrete and 6 cm of pre-cast slab). The steel girders are fabricated by welding together
several segments, with lengths varying between 5 and 15 m. The cross-section of the steel beams
varies along the length of the bridge, with a total of 20 different cross-sections. Both main girders
are transversely connected every 5 m. The concrete piers have a hollow rectangular cross-section
that remains constant along the height, while the caps have a variable cross-section. Bearings
are augmented with elastoplastics seismic isolators to improve seismic resistance. The strength
class of concrete is C35/45 for slabs and C28/35 for piers. The characteristic yield strength
of reinforcement steel is 450 MPa, and S355 steel is used for steel elements. Figure 1 shows a
plan view of the bridge (Figure 1(a)) and the cross-section of the deck (Figure 1(b)) and piers
(Figure 1(c)).

A finite element (FE) model of the whole bridge is constructed in CSiBridge [50] using
shell elements for the concrete slabs, and beam elements for steel girders and transverse beams.
The studs connecting the steel frame to concrete are modeled using linear link connections. A
single nonprismatic frame is used to model each pier to take into account the variation in cross-
section from the base of the column to the cap. The piers are considered fixed at the base, and
soil-structure interaction is neglected. The bearings are modeled by linear link elements with
appropriate stiffness. Linear material properties are assumed for all structural elements in order
to limit computational effort and therefore facilitate large numbers of simulations. However,
when cracking limit displacements are overcome, displacements obtained from linear analyses
are manually amplified by the ratio of the bending stiffness equivalent to the elastic limit of the
base section to the bending stiffness of the uncracked section. Figure 2 summarizes the main
dynamic properties of the structures.

4.2 SHM system and post-event operations strategy

In accordance with section ”Simulation methodology”, flexural failure at the base of the piers
is the failure mode to monitor, considered as one of the most critical seismic-induced failure
mode [51]. For that purpose, the SHM system consists of bidirectional accelerometers placed at
the top and bottom of each pier. During an earthquake, the accelerometers record the absolute
accelerations in both principal directions. The column drift is estimated by double integrating
the recorded accelerations assuming zero initial displacements and velocities. Remark that such
methodology is only applicable to short-length signals, such as those produced by a seismic
event, and yields the dynamics peak-to-peak displacement amplitude, but does not allow the
measurement of permanent displacements. The maximum dynamic amplitude displacements are
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Figure 1: Plan and lateral views of the bridge, with annotated accelerometer positions at the
bottom and the top of the piers and pier numbering (a), cross-sections of the deck (b) and piers
(c) (dimensions in [m]).

leveraged to quantify possible flexural damage. The position of the accelerometers is annotated
in Figure 1(a).

The failure mode of interest is the elastic limit of steel reinforcement bars. Three damage
states are considered: Undamaged (UD), Damage-1 (D1) and Damage-2 (D2), and two thresh-
olds are established: 1) the relative displacement between the top and bottom section of the
piers causing cracking, δcr,i, and 2) the relative displacement between the top and bottom section
causing yielding, δy,i. Given that scheduled maintenance activities are carried out during the
bridge lifetime, the threshold values are assumed to be constant over time and are evaluated
based on the characteristic values of fy and As at the time of construction. To take into account
the error arising from the double integration of acceleration measurements to compute drift and
sensors precision, the target threshold values are set to 80% of the analytically obtained values.
From the estimation of the drift δi at pier i, following inspection strategies are adopted:

• for δi < 0.8δcr,i, the structure is undamaged (UD) and no extraordinary inspection is
performed;

• for δi ≥ 0.8δcr,i and δi < 0.8δy,i, damage state D1 is diagnosed and an extraordinary
inspection D1 is performed;

• for δi ≥ 0.8δy,i, damage state D2 is diagnosed and an extraordinary inspection D2 is
performed.

The selection of the PT value is commented in section ”Percentage value”. A maximum
degree of reliability has been associated to the post-event inspection outcomes as they do not
usually limit to visual checks but also include in-situ instrumental testing. This assumption was
made as a starting point for the proposed framework. While others have discussed the general
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Figure 2: Main dynamic properties of the bridge: first longitidinal mode shape (a), first transver-
sal mode shape (b), first vertical mode shape (c).
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Figure 3: Seismic hazard curve.

high variability in inspections and thus lack of reliability[66], it can be estimated that more
careful inspections and extensive testing are conducted after strong earthquakes.

The two different extraordinary maintenance operations, D1 and D2, are performed following
post-event inspections when the flexural, δcr,i, or the elastic limit, δy,i, are exceeded, respectively.

4.3 Scheduled inspection and maintenance operations strategy

The annual probability of reaching a failure mode, which increases with time due to degradation
(i.e., corrosion in this case study), is assessed according to equation (18), with the following
assumptions:

• PGA is selected as the IM, because it was shown to be the best parameter to characterize
the seismic hazard for bridges [52]. The seismic hazard curve is taken from the Italian
National Institute of Geophysics and Volcanology [53]. The hazard curve is plotted in
Figure 3 and Table 1 lists its main parameters. Figure 3 also indicates the value of the
PGA used in the original bridge design according to the Italian standards that governed
when the bridge was constructed [54];

• The Interstory Drift Ratio (IDR) of each pier evaluated from the relative displacement
between the top and bottom sections during a seismic event is taken as the EDP ;

• Only the bending in the weak direction of each pier is considered in order to derive the
fragility curves;

The probability density function of the IDR is computed by structural analysis. The struc-
tural response of the bridge is evaluated by linear time history analysis using 20 acceleration
time series taken from PEER-NISEE library [55] from the Los Angeles area, with a 10% prob-
ability of exceedance in 50 years. From these analyses, the mean and standard deviation of the
peak response under earthquake (IDRm and IDRσ) are derived. Since the bridge response is
linear, the peak values are computed in correspondence of each intensity level, PGAi, by scaling
the mean values, as follows:

IDRm|PGAi = IDRm|PGAref ·
PGAi
PGAref

(19)

IDRσ|PGAi = IDRσ|PGAref ·
PGAi
PGAref

(20)
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Table 1: Parameters of the seismic hazard curve.

Mean annual rate PGA [g] Magnitude [M]-Distance [km]

0.0004 0.6247 6.600-6.050
0.0010 0.4029 6.340-7.910
0.0021 0.2780 6.140-9.660
0.0050 0.1765 5.910-12.000
0.0071 0.1416 5.800-13.200
0.0099 0.1133 5.700-14.600
0.0139 0.0887 5.590-16.300
0.0200 0.0684 5.480-18.700
0.0333 0.0498 5.340-23.400

where PGAref is the mean value of the peak ground acceleration computed with the 20 accel-
eration time series [14]. The probability density function of IDR is evaluated from the mean-
standard deviation pairs of the different hazard intensity values, adopting a lognormal fragility
distribution [56, 57].

The time effect of corrosion is taken into account through a simple degradation model de-
scribing the temporal variation of steel reinforcement bars’ yield strength (fy) and cross-section
area (As), as follows [22, 58]:

fy(t) = [1− δfy(t)]fy,0 (21)

As(t) = [1− δAs(t)]As,0 (22)

where δfy and δAs are damage states within the range [0,1], while fy,0 and As,0 are the initial
values of the deteriorating quantities. The temporal trends of the δ-coefficients are represented
by [22, 58]:

δfy = δAs =


ω(1−ρ)τρ τ ≤ ω
1− (1− ω)(1−ρ)(1− τ)ρ ω < τ < 1

1 τ ≥ 1

where ω = 0.75, ρ = 1.5, τ = t/T1 and T1 is time when the failure threshold is reached; in this
paper, the value T1 = 75 years is taken.

Figure 4 plots the temporal evolution of the relative variation, ∆, of mechanical properties as
a function of time t (in years) with respect to their initial values, showing the flexural strength at
the elastic limit at pier P8, ∆M; the ∆δ-coefficients; the steel reinforcement bars’ yield strength,
∆fy, and the cross-section area, ∆As.

The time varying probability that the elastic limitfor bar yielding is reached at the bottom
section of the piers is computed by assuming a lognormal fragility function P (DS|EDP )(t) in
equation (18), with EDP being the IDR. This lognormal fragility is specialized by considering
a mean value equal to ln(IDR(t)), IDR(t) being the capacity of the cross section in terms of
interstory drift ratio computed considering mean material properties at time t, and a standard
deviation σln(IDR) equal to 0.5. Figure 5 plots the fragility curves of the considered limit state
over different years (Figure 5(a)) and the time evolution of the annual probability of exceedance
of the elastic limit at pier P8, obtained by applying equation (18) (Figure 5(b)).

Scheduled maintenance operations occur when scheduled inspections discover the presence
of a damage. Here, scheduled maintenance is assumed when the initial value of the annual
probability of failure, pi, of the i-th pier is exceeded by 50%.

Table 2 summarizes the adopted strategies for scheduled and post-event operations for a
bridge with a seismic SHM system.
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Figure 4: Time evolution of relative changes in: flexural strength at pier P8 ∆M, δ-coefficients,
bar yield strength ∆fy, and steel cross-section area ∆As.

Figure 5: Time-dependent fragility curves at t=1, t=25, t=50 and t=tL (a) and time evolution
of the annual probability of exceedance of the elastic limit at pier P8 (b).

Table 2: Inspection and maintenance strategies with SHM system.

Operation Type Cost Frequency

Scheduled inspection

Visual inspection
level-1

e 3 months [3]

Visual inspection
level-2

ee Annual [3]

Post-event inspection
Extra I. D1 e Post-seismic when

0.8δy,i≤δi¡0.8δy,i
Extra I. D2 eee Post-seismic when δi≥0.8δy,i

Scheduled maintenance Schduled e when pi(t)≥1.5pi(t = 1)

Post-event maintenance
Extra M. D1 e Post-seismic when

δcr,i≤δi<δy,i
Extra M. D2 ee Post-eart. when δi≥δy,i
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Table 3: Direct operation costs.[59, 60]

Type Cost item Cost

cschdI,l
Visual inspection level-1 297 [e/pier]
Visual inspection level-2 553 [e/pier]

cSHM
I,i

Extra I. D1 297 [e/pier]
Extra I. D1 975 [e/pier]

cschdM,l Scheduled 875 · h [e/m]

cSHM
M,i

Extra M. D1 875 · h [e/m]
Extra M. D1 3100 · h [e/m]

4.4 Cost quantities

The cost quantities for this case study are taken as follows. The initial cost of the bridge,
C0 = 2.10 Me, is taken from design documents and corresponds to the cost of the substructure.

A low-cost SHM system, characterized by low acquisition and maintenance costs, is consid-
ered in the analysis. Twenty biaxial sensors are considered with a purchase cost of 100 eeach.
An additional cost for installation, and data acquisition and transmission electronics, equal to
50% of the sensors purchase cost, is assumed, bringing the total initial cost of the monitoring
system to 3000 e. The yearly cost of the SHM system management, CS, is taken as 10% of
C0,SHM.

The direct costs of the inspection and maintenance operations (cschdI,l , cSHM
I,i , cschdM,l , cSHM

M,i in
Eqs.(4), (5), (7) and (8)) are quantified using costs reported in proper cost lists [59, 60]. In
Table 3, the direct costs for each operation referred to the analyzed failure mode are reported,
where h indicates the height of a given pier.

Two indirect cost cases are considered: low indirect costs and high indirect costs. Low
indirect costs scenario corresponds to a small deviation length of traffic, equal to the length
of the bridge plus 350 m on both sides. High indirect costs scenario corresponds to a longer
deviation, here taken as the actual required deviation for the considered bridge, equal to 6.8
km. The units cost in equation (10) are derived from standards [45]. Up-to-date statistics on
the number of accidents, injuries and deaths on Italian roads used in the case study are taken
as the averaged values for the Umbria and Marche Italian regions to be consistent with the
bridge’s location [61]. These values refer to normal circulation conditions. In order to evaluate
the impact produced by a road deviation, the percentages of increases in accidents equal to 31%
for Nd and 41% for Nf and NG are applied [62]. Also, since the available values are annual values
and refer to the unit of road length [61], they are multiplied by the length of the considered
road section and for the duration of the work. A time equal to 1 day is required to carry
out the extraordinary inspections D2 of all 10 piers and a time equal to 3 days is required for
extraordinary maintenance D2 of all 10 piers. Therefore, in the case of extraordinary inspections
D2 or extraordinary maintenance D2 on a single pier, the unit cost is estimated as 1/10 of that
relating to all the piers. No traffic disruption is required for other operations, hence no indirect
costs are associated with them. The values of Vn,i and DTCi in equation (11) can be found in
Orcesi et al. [46], while the ADT and pi values are obtained from traffic data collecting processes
[63]. Table 4 lists the values associated with indirect costs.

4.5 Example LCCA-SHM result

Figure 6 shows a typical LCCA-SHM result. It plots the time evolution of the key cumulative cost
items at the top, and the trend of the probabilities of failure of the ten piers at the bottom. These
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Table 4: Indirect costs associated with fatalities and accidents, CH and indirect costs associated
to road users, CU.[45, 61, 62, 63, 46]

Cost item Low indirect costs High indirect costs

CH-Extra I. D2 11 [e/pier] 63 [e/pier]
CU-Extra I. D2 332 [e/pier] 1773 [e/pier]
CH-Extra M. D2 33 [e/pier] 179 [e/pier]
CU-Extra M. D2 997 [e/pier] 5320 [e/pier]

results are obtained from a realization, where the occurrence of seismic events are represented
by dashed vertical lines. The analysis was conducted for the low indirect costs scenario, over
the assumed 100 years structural lifetime. A discount rate, r = 0.00 is assumed in order to
provide a conservative estimate of the cost increases of the operations and so to maximize the
corresponding leaps on the graph.

Examining the effect of scheduled operations, the figure reports i) the progressive increasing
of cschdI due to the regular scheduling of operations over the bridge’s lifetime as prescribed
by the standards; and ii) the evolution of cschdM . cschdM following the growing trends of the
probability of failure of the piers due to corrosion, and takes into account the costs of scheduled
maintenances at the years where the probabilities exceed the limit value (section ”Scheduled
inspection and maintenance operations strategy”), as shown by the leaps in cost followed by the
drop in probabilities.

For the extraordinary operations, the figure shows the adopted condition-based maintenance
strategies. For example, at the years 39, 73 and 88, no piers exceed the thresholds, therefore
the SHM system does not provide alerts and neither inspection nor maintenance are performed
(cSHM

I and cSHM
M remain flat). In the year 31, a false alert is generated by the monitoring system

(leap on cSHM
I ), but these alarms are not confirmed by the extraordinary inspection (cSHM

M

remains flat). For the remaining events, the post-event inspections (rise on cSHM
I ) confirm the

results of the SHM systems, therefore, extraordinary maintenance are performed (leap on cSHM
M

and probabilities are updated). The bold lines at the bottom of the figure indicate the piers
that have reached or exceeded the yielding in the bottom section during an earthquake. These
are piers P5, P8 and P9 at years 25 abd 43 and pier P10 at year 27.

Finally, the total cost C includes all the previous items, the initial purchase costs, C0 and
C0,SHM, and the cost of the SHM system management, CS, that gradually increases over the
lifetime.

The cumulative cost of post-earthquake inspections remains affordable thanks to the monitor-
ing system data, limiting the number of controls to be carried out based on structural response:
for only four out of seven seismic events, and for a reduced number of elements, the post-event
inspections are triggered.

5 Comparison of traditional versus SHM-based inspection strate-
gies

The LCCA-SHM model is used to compare cost evolutions of the bridge managed by a tradi-
tional approach versus an SHM-based approach. Traditional post-event inspection management
strategies require detailed inspections to be carried out on the whole structure, leading to high
direct and indirect costs. The SHM data allows to reduce these operations only to piers that
exceed the thresholds during the earthquake. Two parameters are identified among the more
relevant ones for highlighting the benefit of the monitoring system: indirect costs, which signif-
icantly affect the total cost of extraordinary operations, and the discount rate, which reduces
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Figure 6: Time evolution of cumulative cost items, at the top, and of probabilities of failure of
the piers, at the bottom, for a generic earthquake realization.

over time the accumulated gain with the seismic events. Site seismic hazard and the duration of
the monitoring period are two other important aspects that may significantly influence the cost
analyses for the selected monitoring system, that is for a seismic SHM system. These parameters
have been addressed in [64].

The evaluation parameters are the economic gain, G, and the payback time tPB. The eco-
nomic gain, G, of the monitoring system is defined as the difference between the final total
cost of the monitored bridge and that without the SHM system [65]. The generation of the
earthquake realizations through the simulation methodology allows to compare, annually, the
cost terms. This comparison on the time distribution of seismic events leads to the payback
time tPB of the monitoring system, which is used as another metric. Here, the economic gain G
is taken as:

G = E[C(100)]− E[C(100)]|SHM (23)

The payback time tPB is taken at the time when the cumulative costs are equal, assessed for the
cases in which a positive value of G is obtained:

tPB : E[C(tPB)]|SHM = E[C(tPB)] (24)

The comparison is made for the two indirect costs scenarios, low and high, and for discount
rates r = 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05. In order to provide accurate estimates of the
evaluation parameters with the respective probability values, comparisons have been performed
for a high number of earthquake realizations, equal to 2000 in the following analyses, that is the
minimum number of simulations required to make the sample statistically significant.

Figure 7 shows two realizations of seismic events corresponding to opposite cases: in Fig-
ure 7(a), the SHM system is economically viable, and in Figure 7(b), the SHM is not. The
comparison refers to the low indirect costs scenario and r equal to 0.02. Seismic events are
depicted by vertical lines. A large number of seismic events occurs during realization n◦ 500,
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Table 5: Mean and COV of the G sample for Low and High indirect costs scenarios and the
different value of r.
∗ average percentage value of the relative variations counted for each increase in r.

Low indirect costs High indirect costs
r mean [e] COV mean [e] COV

0.00 43520 0.72 131030 0.51
0.01 26200 0.78 81210 0.54
0.02 16780 0.94 54170 0.62
0.03 12638 1.02 41360 0.67
0.04 8670 1.24 30410 0.76
0.05 6380 1.55 23901 0.88

δm ∗ 32% 17% 28% 11%

most of them in the first half of the lifetime when the discount rate has a low effect on the
cost. For simulation case n◦ 500, Figure 7(a) shows the cumulative annual total costs with and
without the SHM system. The payback time tPBcan be identified between t = 4 and t = 5.
Conversely, for simulation case n◦ 712, Figure 7(b) shows that the cumulative annual total costs
with and without SHM are similar. Simulation case n◦ 712 is characterized by a single seismic
event, which occurs in the final part of the realization, where costs are reduced as a result of
the discount rate. For simulation case n◦ 712, no payback time can be identified, whereas the
SHM system fails at being economically viable.

5.1 Results - Economic gain

The G values obtained for the 2000 earthquake realizations are shown in Figure 8 by their
relative frequency distributions, for the two analyzed scenarios (low indirect costs in black and
high indirect costs in red) and for the different r values. For clarity, the frequency distribution
is only graphed for r = 0.00 and low indirect costs along with its fitting curve; for the other
cases, only the distribution fitting curves are graphed. Results show that, for the selected
monitoring system, G may sometimes take a negative value. However, the distribution is strongly
skewed towards positive values. The sample mean of the distributions are always positive for
both indirect costs scenarios, as reported in Table 5. When r = 0.00, the relative frequency
distribution is quite symmetric around the mean value. When the r effect is excluded, the gain
is mainly influenced by the number of seismic events, as well as by the system’s response to the
waveform, hence the shape of the distribution is directly related to the distribution of the number
of events occurring in the simulated realizations. The increase in the discount rate has the dual
effect of reducing the expected value of G and making the frequency distribution increasingly
asymmetric. Since seismic events that occur in later years cause a progressively smaller expected
gain, G is mainly determined by the seismic events that occur in the early years of the lifetime
and, therefore, the distribution is unbalanced towards lower values. Positive distribution tails
represent cases with a high number of events balancing the effect of r. In the scenario of high
indirect costs, the G histogram shifts to higher positive values. The same effect of r is found on
the mean and the coefficient of variation, but to a minor extent due to the higher gain offered
for each seismic event.

5.2 Results - Payback time

The results of the analyses by payback time, tPB, are reported in Table 6 and in Figure 9.
The figure shows the overlapping of relative frequency distributions of the payback periods for
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Figure 7: Comparison of cumulative annual total costs in simulation case n◦ 500 (a) and n◦ 712
(b), for low indirect costs and r=0.02.
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Figure 8: Fitting curves of relative frequency distributions of G for Low (black) and High (red)
indirect costs and the different value of r.

Table 6: Mean of payback period and percentage of economically viable cases.

Low indirect costs High indirect costs
r mean [years] NC% mean [years] NC%

0.00 18.3 93.8 17.4 98.5
0.01 18.1 91.4 17.5 98.5
0.02 17.6 86.7 17.6 97.1
0.03 15.5 83.1 16.4 96.1
0.04 14.1 77.6 15.8 92.6
0.05 13.3 70.8 14.7 88.1

low and high indirect costs, for r = 0.00 (a), r = 0.02 (b), and r = 0.05 (c). These results
show that, when economically viable, the payback period of the SHM system tends to be in
the early 10-20 years after the implementation in any condition, as reported by the average
values in Table 6. Denoting with NC the relative frequency of the total number of realizations
in which G is positive, namely when the SHM system is economically viable, one can note that
NC increases from 70% for low indirect costs and r = 0.05 to more then 98% for high indirect
costs and r = 0.00.

5.3 Percentage value

For completeness, the sensitivity analysis of the financial gain G with respect to the PT values
is reported, by studying a variation of PT in the range [0, 100] % with 0.01% step increments.
Figure 10 shows the mean value of G for the 2000 simulations conducted at every analyzed
percentage value, under r = 0.00, r = 0.02 and r = 0.05. The sensitivity of the gain G to the
damage detection performance of monitoring system is insignificant starting from 60% for all r-
values. In light of these results, a value of PT = 80% is selected, arguing that it is small enough
for considering all major sources of uncertainty affecting the problem, but also large enough to
have limited influence on G. In this regard, it should be also noted that structural capacity
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Figure 9: Relative frequency distribution of payback period for Low (black) and High (red)
indirect costs, overlapping distributions, for r = 0.00 (a), r = 0.02 (b) and r = 0.05 (c).

values are here computed considering characteristic material properties and are, therefore, likely
significantly underestimated. This aspect contributes to making PT = 80% a reasonable number
for constituting the alarm thresholds.

6 Conclusions

This paper proposed a novel combined life-cycle cost analysis (LCCA) formulation and simula-
tion methodology for transportation bridges equipped with seismic structural health monitoring
(SHM) systems. The model, termed LCCA-SHM, is capable of taking into account the extra
costs arising from the SHM system, namely the initial and SHM management/maintenance
costs, as well as the economic benefits resulting from the use of SHM data for optimal inspec-
tion strategies. The model can be used both as a tool for optimal design of the monitoring
system targeting specific limit states, and as a mean to compare between different management
strategies by defining cost benefit indicators. The payback time, defined as the break-even point
between costs and benefits of an SHM system, has been evaluated by annual comparison of
the responses to earthquake realizations generated by the simulation methodology, as well as
the economic gain. The analyses were performed for different values of discount rate and indi-
rect costs, which parameters were identified as the most sensitive with respect to post-seismic
inspection strategies.

The proposed methodology has been numerically demonstrated on an example steel-concrete
composite bridge equipped with a seismic SHM system, where the SHM system was used to
analyze if critical components were reaching a given limit state. Results showed that the SHM
system designed to monitor seismic performance was capable of yielding economic gains in terms
of post-event inspection costs, but that the gain on total cost was strongly dependent on the
assumed value of the discount rate and the level of indirect costs. It is noted, however, that
the results obtained for the case study are aimed at demonstrating how to apply the proposed
LCCA framework in practice and at showing what type of financial performance metrics could
be obtained considering realistic cases; the objective is not to reach general conclusions about
the superiority of a specific monitoring strategy over a particular inspection plan. Applying the
proposed method to the specific case study, it was shown for instance that, under low indirect
costs where traffic deviation only occurred over a limited length of road, the SHM system yielded
an increase in costs of approximately the 30% under a r=0.05, and below the 7% for r=0.00. The
economic benefits of the SHM system were more substantial in the case of high indirect costs,
where traffic was deviated over a long transition length, in which approximately only 1/10 of the
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Figure 10: Comparison of the expected value of G (mean value among 2000 simulation cases)
as a function of percentage value PT for r = 0.00, r = 0.02 and r = 0.05.

realizations resulted in an increase in costs for high discount rates. Nevertheless, when the effect
of the discount rate is neglected, SHM system was viable in nearly all cases. It is worth noting
that the reduction in indirect costs depends on the availability of accurate information regarding
the conditions of the bridge. In this specific example, such information was provided by the SHM
system; in other situations, the information may be provided by successful inspection. Finally,
it was found that, when economically viable, the SHM system provided a payback period under
50 years, with an average between 13 and 18 years. Although the mean value of the economic
gain was severely influenced by both the discount rate and the indirect costs, the distribution of
the payback time for positive cases did not show the same sensitivity. The higher the discount
rate, the less the distribution was scattered, but the variation on the mean value was practically
negligible.

Overall, the presented results showed that the proposed combined model could be used to
quantify the economic benefits of an SHM system installed on a multi-span bridge. While
equipping a bridge with a monitoring system comes at extra costs, enabling condition-based
post-event inspections can yield important gains. The objective of the proposed LCCA-SHM
model is to quantify such gains with respect to overall costs. The adopted probabilistic approach
of the analyses allows to obtain weighted measures of the financial gain of the system in a life
cycle perspective, supporting bridge operators and managers by indicating whether a seismic
SHM monitoring system is actually worth installing.

The model can be easily extended to other limit states of interest, therefore applying to
other types of SHM systems and structures, as well as for evaluating the influence of other
meaningful parameters. Future developments of the work are to extend the proposed model to
different types of monitoring strategies, for instance fatigue monitoring in steel bridges using
weigh in motion sensors and continuous vibration-based monitoring through statistical pattern
recognition approaches. A more in-depth evaluation of costs associated with signal processing
errors and, in particular, missing alarms also needs to be carried out. Likewise, the consideration
of the other SHM strategies and other failure mechanisms may elevate the LCCA-SHM algorithm
from the component level (e.g. assessment at each pier) to the global level.
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