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SUMMARY
Structural health monitoring (SHM) is a process aimed at providing accurate and in-time information concerning
structural health condition and performance, which can serve as an objective basis for decision-making regarding
operation, maintenance, and repair. However, at the current state of practice, SHM is less used on real structures,
and one reason for this is the lack of understanding of the Value of Information obtained from SHM. Consequently, even when SHM is implemented, bridge managers often make decisions based on experience or common
sense, frequently considering with reserve and sometimes disregarding the suggestions arising from SHM. Managers weigh the SHM results based on their prior perception of the state of the structure and the conﬁdence that
they have in the speciﬁc applied SHM system and then make decisions considering the perceived effects of the
actions they can undertake. In order to address and overcome the aforementioned identiﬁed limitations in the
use of the SHM, a rational framework for assessment of the impact of the SHM on decision-making is researched
and proposed in this paper. The framework is based on the concept of Value of Information and demonstrated on
the case study of the Streicker Bridge, a new pedestrian bridge on Princeton University campus. Copyright © 2013
John Wiley & Sons, Ltd.
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1. INTRODUCTION
We presume that most readers of this journal are willing to recognize that structural health monitoring
(SHM) is a powerful tool supporting transportation agency decisions: it is generally claimed that it
allows real-time evaluation of the need for any further inspection or repair, thus reducing the costs
of routine inspection. We have also often heard, in our community, that SHM has potential to prevent
adverse social, economic, ecological, and esthetic impact. Nonetheless, direct experience and interaction with real-world bridge operators show that they are frequently very reluctant to invest in SHM
(‘Why should I waste my money on monitoring, when I can save it for maintenance or repair?’). This
skepticism is evident in another recurrent behavior pattern: even when monitoring, data are available,
bridge owners make decisions based on their experience or on common sense, often disregarding the
actions suggested by SHM.
This apparently compulsive behavior is in reality driven by a rationale that goes beyond the scope of
the structural engineer. First, SHM is by its nature affected by uncertainties (e.g., accuracy and stability
of SHM system and environmental noise and errors in models used for data analysis), so managers
weigh the SHM results in combination with their prior perception of the state of the structure and their
*Correspondence to: Branko Glisic, Department of Civil and Environmental Engineering, Princeton University, Engineering
Quadrangle, Princeton, NJ 08544, U.S.A.
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common sense. Second, bridge managers are very concerned with the consequences of wrong action,
so they will make decisions considering all the possible effects of the actions they can undertake, and
this can drive their preference to experience-based rather than to SHM-informed solution. Such a conservative approach met in practice can be justiﬁed by the lack of effective means for quantitative evaluation of the Value of Information (VoI) provided by SHM. However, the adverse consequences of this
approach can be important as the implementation of non-efﬁcient, expensive solutions reduces the
global resources for bridge management on a wider scale [1]. In addition, this leads to depreciation
of SHM, which is paradoxical: in the era of information technologies, the potential of informed decision-making is disregarded.
This paper introduces a rational framework for informed decision-making based on SHM results.
The ﬁrst issue, that is, the effect of prior perception, can be addressed formally by applying Bayesian
logic [2,3]. The second issue, that is, quantifying the economic impact of a wrong action, is addressed
in the more general framework of decision theory [4–6].
The Bayesian theory of probability originates from Bayes’ well-known essay [7], and today, many
modern specialized textbooks can provide the reader with a critical review and applications of this theory to data analysis; see, for instance, the work by Gregory [8] and Sivia [9]. Of all the papers dealing
with application of Bayesian theory to engineering problems, we wish to underline the work of the following authors: Papadimitriou, Beck, and Katafyogiotis [10], Beck and Katafygiotis [3], and Beck and
Au [11], who by disseminating these concepts have had great impact on the civil engineering community, particularly in the ﬁeld of structural identiﬁcation and model updating. In this paper, we present a
rational method for quantifying the economic impact of the information provided by a monitoring system, using the same approach adopted by Pozzi et al. [12]. This is based on the concept of VoI, which
has its background in the seminal work by Lindley [13], later formalized by Raffa and Schlaifer [14]
and DeGroot [15]. By using a formal approach similar to DeGroot [15], the VoI of SHM is deﬁned
as the difference between the prior (i.e., expected) operational cost C of the structure when the owner
is not informed by the SHM and the prior cost C* upon receipt of the monitoring information [12]. The
VoI represents the money saved every time the manager consults SHM (e.g., after a potentially damaging event); it can likewise be regarded as the maximum cost the owner is willing to pay for information at a given moment of time, which in turn can help assess the cost the owner may be willing to pay
for the monitoring system.
To illustrate how this approach works and ground it in a real-life situation, we apply this method to
the Streicker Bridge, a new pedestrian bridge built on Princeton University campus. The reason behind
this choice is the fact that the bridge is equipped with monitoring systems, as explained in detail in the
next section. However, in this exercise, the connection with real life ends here: the behavior and decisions of the bridge manager invented for the purposes of this paper are completely ﬁctitious, since in
this real case, the monitoring system was motivated by research and educational reasons, rather than
by a real concern as to its safety. It will be clear from the formulation below how the implementation
of the framework includes modeling the expected behavior of the bridge manager or more generally whoever makes related decisions. This requires deﬁnition of his/her subjective perception and psychological
proﬁle. To simplify the presentation and highlight the essential rationale of the approach (while not affecting the conclusions of the research), the problem complexity is deliberately reduced. We imagine that the
Streicker Bridge is managed by a ﬁctitious rational character, called ‘Tom’ (to ease narration), having a
relatively simple approach to decision-making and acting predictably. Needless to say, Tom’s perception
and behavior are created on the basis of cases in the literature [16,17] and on the authors’ own experience
and do not necessarily reﬂect the true decision process that the real manager of the bridge, that is,
Princeton Ofﬁce of Design and Construction, would follow under similar conditions.

2. STREICKER BRIDGE AND ITS MONITORING SYSTEM
The pedestrian Streicker Bridge (Figure 1) was built in 2009–2010 at Princeton University campus,
over the busy Washington Road. The bridge is named after its donator, alumnus John Harrison
Streicker (Princeton Class 1964), while the overall design was by the Swiss bridge designer Christian
Menn. Detailing was by HNTB Corporation’s Theodore Zoli (Princeton Class 1988) and Ryan
Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 1. View of Streicker Bridge.

Woodward (Princeton Graduate Class 2002). Turner Construction Company was the main contractor.
Supervision and coordination was by representatives from the (real) Ofﬁce of Design and Construction
of Princeton University.
The bridge consists of the main span and four ‘legs’ (Figure 1). Structurally, the main span is a
deck-stiffened arch, and the legs are continuous curved girders supported by steel columns. The legs
are curved horizontally and the shape of the main span follows this curvature. The arch and columns
are weathering steel while the main deck and legs are reinforced post-tensioned concrete. The slender
and elegant deck-stiffened arch represents an efﬁcient solution to bridging the 34.75 m (114 ft) span,
limiting the deck thickness to only 578 mm (22.75 in.), with a beam diameter of 324 mm (12.75 in.).
The SHM lab of Princeton University instrumented the bridge with two SHM systems, aiming to
transform the bridge into an on-site laboratory for research and education purposes. Currently
implemented monitoring approaches are (i) global structural monitoring using discrete long-gauge
strain ﬁber optic sensors (FOS) and (ii) integrity monitoring using truly distributed FOS. The ﬁrst
approach is based on ﬁber Bragg-grating [18] technology and the second on Brillouin Optical Time
Domain Analysis [19]. These two approaches are to a certain extent complementary, and they are
brieﬂy described as follows.
Standard monitoring practice is based on the choice of a reduced number of points, considered to be
representative of structural behavior, and their instrumentation with discrete sensors, short-gauge or
long-gauge. If short-gauge sensors are used, the monitoring will give interesting information on the
local behavior of the construction materials but might not see behavior and degradation that occur at
locations that are not instrumented. Using long-gauge sensors, we can cover a signiﬁcant volume of
a structure with sensors, enabling its global monitoring, that is, any phenomenon that has an impact
on the global structural behavior is detected and characterized [20,21]. However, reliable detection
and characterization of damage that occur in the locations far from the sensors remain challenging,
since it depends on sophisticated algorithms whose performance may decrease because of damage
masking effects, such as high temperature variations and large load changes, as also outliers and
missing data in monitoring results [22].
A distributed sensor is a cable sensitive along all its length, offering solutions for improved and reliable damage detection (e.g., see literature [23,24]). The qualitative difference between monitoring
with discrete and distributed sensors is that discrete sensors monitor an average strain at discrete points,
while the distributed sensors are capable of one-dimensional (linear) strain ﬁeld monitoring. A distributed sensor can be installed along the whole length of a structure so that all cross-sections of the structure are effectively instrumented. The sensor is sensitive at each point of its length and so allows direct
damage detection, avoiding the use of sophisticated algorithms (which are characteristic for indirect
damage detection). In this manner, integrity monitoring of a structure can be reliably performed
(e.g., see literature [24,25]).
Discrete FOS embedded in the bridge deck have gauge length 60 cm and feature excellent measurement properties with error limits of ±4 microstrains (after temperature compensation). Thus, they are
excellent for assessment of global structural behavior and for structural identiﬁcation. However, their
spatial disposition limits their performance in damage detection. On the other hand, distributed FOS
have accuracy an order of magnitude lower than discrete sensors and so cannot be used for accurate
structural identiﬁcation. Nevertheless, they have improved sensitivity to damage and consequently
are used for damage detection and localization. Comparison between the performances of two systems
is given in the literature [26]. More details of the SHM of the Streicker Bridge can be found in the
literature [24,26,27], and to avoid repetition, only the data relevant to this study is presented here.
Copyright © 2013 John Wiley & Sons, Ltd.
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Because the motivation of this SHM application is research and teaching, rather than safety and
maintenance, not all the bridge components were instrumented. Assuming symmetry and similarity
in structural performance, it was decided to ﬁt sensors to half of the main span (the other half being
symmetrical) and to the south-east leg only (assuming that the other legs behave in a similar manner).
So this is a research oriented approach, not designed for safety and maintenance purposes, as the system does not cover all bridge components. On the basis of loose structural analysis and methods
presented in the literature [28,29] (but see also other literature [30]), it is estimated that approximately
90 discrete sensors would be necessary for structural monitoring of the entire bridge including the complete main span and the four legs, while approximately 400 m of distributed sensor would be necessary
for full integrity monitoring. On the basis of the real values of the project, Glisic and Adriaenssens [27]
estimate that the cost for hardware covering the full extension of the bridge would be of the order of
$140,000.00 (less than 2.4% of the bridge construction cost) for a discrete monitoring system and
around $190,000.00 (<3.3% of the bridge construction cost) for a distributed system. These costs were
estimated for continuous, on-line monitoring but do not include maintenance costs (of SHM systems), as
both systems are virtually maintenance free (except for the use of electrical power, which is estimated to
$400.00 per year and the cost of communication which is free within university). We will see in the
succeeding text how the actual value of the monitoring system is not necessarily connected to its comprehensiveness in damage detection but depends more on the actual use made by the manager.
In this paper, we focus on the discrete monitoring system of the main span, so only the positions of
the relevant sensors are shown in Figure 2. A number of potential damage scenarios were considered:
(i) losses in post-tensioning; (ii) differential settlement of foundations; (iii) a vehicle impact against the
segment of the arch between columns P9 and P10; (iv) overloading; (v) corrosion; and (vi) fatigue
cracking of the steel arch structure. Two other damage scenarios are strong wind and earthquake,
but they are less likely to happen.
Parallel sensors installed along the centerline of the deck are designed to capture changes in strain
and curvature that can be caused by any of aforementioned scenarios. The third scenario would involve
partial or complete loss of load capacity of the arch, which would in turn result in an increase of bending moments and associated strain in the deck, and could lead to a collapse of the bridge. In particular,
the sensor installed at the bottom of the middle cross-section between P6 and P7 (in this text called sensor P6-7d) is the most sensitive to changes, as this cross-section would experience the largest change in
bending moment, and the sensor at the bottom of the cross-section is farther from the centroid of the
cross-section than the sensor at the top of the cross-section. In order to present the concept of VoI assessment, and to keep the paper concise and focused, we consider only the third scenario and analyze
only the sensor P6-7d. While the simpliﬁcation minimizes computation, it does not remove the essence
of the concept of VoI, and consequently, it does not affect the conclusions of the research. Various
static and dynamic tests performed on the bridge enabled bridge structural identiﬁcation, and the ﬁnite
element model of the bridge was established. This model is then used to set thresholds, that is, to
determine the condition of the bridge in the case of the third damage scenario taking into account
the strain measurements registered by sensor P6-7d.

Figure 2. Location of sensors in the main span of Streicker Bridge.
Copyright © 2013 John Wiley & Sons, Ltd.

Struct. Control Health Monit. 2014; 21:1043–1056
DOI: 10.1002/stc

VALUE OF INFORMATION: IMPACT OF MONITORING ON DECISION-MAKING

1047

Usually at this point of a research paper, the authors are expected to state their formulation, which is
then normally followed by an application to a particular case. However, to introduce less experienced
readers to the concept of VoI and to ease narration, we decided to overturn the traditional scheme,
presenting a simpliﬁed case ﬁrst and generalizing the approach later.

3. INTRODUCING ‘TOM’
‘Tom’ is a ﬁctitious character (invented for the purposes of the paper), responsible for the bridge, a
position he has held over more than a decade. He is a graduate in civil engineering and a registered
professional engineer. Tom behaves rationally, and for the purpose of this exercise, we will assume
he would react to minimize the total cost of operation of the infrastructure under his responsibility.
Further statements describing Tom’s perception of utility with regard to his job are as follows:
1.
2.
3.

Utility has a cash value and is linear with the operational cost.
The indirect economic and social impact of a possible structural failure (such as downtime,
casualties, or loss of life) always has a monetary value in the form of an indirect cost.
There is no separation between direct cost to the owner and the indirect cost to the users.

Although the authors built Tom’s proﬁle based on literature review and personal experience, we will
not discuss here whether Tom’s perception is correct or not: we just observe and acknowledge that he
behaves as stated earlier, and our goal is to model this behavior.
We have mentioned before that the monitoring system on Streicker Bridge was not designed to detect any particular malfunction scenario but rather various types of fault such as post-tensioning loss,
differential settlement of foundations, excessive bending, and cracking [27]. Yet in our simpliﬁed
exercise, we will assume that Tom is concerned by a single speciﬁc scenario, namely, that a truck
beneath the bridge, maneuvering or driving along Washington Road, could collide with the steel arch
that supports the concrete deck. To reduce this exercise to a single-stage decision problem [6], we will
further assume that in the event of a truck accident, Tom is immediately informed of the fact, so there
is no missing detected event, while his only problem is to understand the extent of damage. Once
informed of the collision, Tom believes (for the sake of exercise) that there can be only two possible
condition states of the bridge (we recognize that in real life, the set of possible states of the bridge
could be wider):
No Damage (U): the structure has either no damage or some minor damage, with negligible loss of
structural capacity.
Damage (D): the bridge is still standing but has suffered major damage to the steel arch structure;
although standing, Tom estimates that there is a chance of collapse of the entire bridge under a live load.
To Tom, the two states represent a set of mutually exclusive and exhaustive possibilities, which is to
say that P(D) + P(U) = 1 (where ‘P’ denotes probability). On the basis of his experience and engineering sense, let us assume that he guesses that after a road accident, scenario U is more likely than scenario D, and he estimates P(D) = 30% and P(U) = 70% as prior probabilities. To further simplify the
presentation, let us assume that after an accident, Tom may decide on one of the two following actions
(we recognize that in real life, the set of choices could be wider):
Do nothing (DN): no special restriction is applied to the pedestrian trafﬁc over the bridge or to road
trafﬁc under the bridge; minimal repair/maintenance work can be carried out, but this will not interfere
with normal bridge use.
Close Bridge (CB): both Streicker Bridge and Washington Road (underneath the bridge) are closed to
pedestrians and road trafﬁc; access to the nearby area is restricted for the time needed for a thorough
inspection, which Tom estimates to be 1 month.
Tom wants to estimate the impact of any possible action, given any possible scenario, and convert it
to a numerical quantity, which for this exercise, consistently with Tom’s straightforward behavior, will
be a mere economic loss. Tom logically understands that choosing to close the bridge (CB) will
Copyright © 2013 John Wiley & Sons, Ltd.
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automatically prevent any effects due to a possible collapse of the bridge. However, this choice is not
pain free. What concerns Tom is not the inspection cost (inspection is routinely carried out by the Ofﬁce of Design and Construction and does not represent an extra cost). The disadvantage of this action is
the Daily Road User Cost (DRUC) stemming from the 1-month downtime of road and bridge. Glisic
and Adriaenssens [27], based on the calculation method used by the Kansas Department of Transportation [31,32], estimated the DRUC value for Washington Road due to work on the Streicker Bridge to
be $4660.00/day, or CDT = 4660 × 30 = $139,800.00 for the 1-month period. To avoid this cost, Tom
can decide to do nothing (DN). ‘If I do nothing (DN) and the bridge is undamaged (U)’—thinks
Tom—‘I pay nothing. On the other hand if the bridge is really damaged (D) it may collapse and I will
have to pay the consequences’. These consequences are the DRUC for a 2-month period (estimated
closure time of Washington Road); the probability of a fatality (F) and of non-fatal injury (I), which
he estimates, is equal to P(F|D) = 15% and P(I|D) = 50% using his experience and engineering judgment. Glisic and Adriaenssens [27] have also calculated, on the basis of the National Safety Council
records [33], the average comprehensive cost of a pedestrian injury and fatality as $52,000.00 and
$3,840,000.00, respectively, these amounts covering medical expenses, victim’s loss of work, public
services, and loss of quality of life. Acknowledging these values, Tom estimates for bridge collapse
an overall cost of CF = $881,600.00, as speciﬁed in detail in Table I.

4. DECISION WITHOUT MONITORING
On the basis of Table I, Tom estimates the cost involved in any action. While the cost of action CB is
identically equal to 1-month downtime cost CDT, regardless of the state of the bridge, the cost of the donothing scenario depends on the manager’s estimate of the probability of the bridge being damaged.
Assume, as a ﬁrst step, that Tom has no knowledge of the outcome of monitoring; then, he will quantify the cost of the do-nothing option as
(1)
C DN ¼ C F ·PðDÞ
where P(D) is the a priori probability of structural damage, evaluated on the basis of his prior knowledge or experience.
We have assumed that Tom behaves rationally and that he will decide with the objective of minimizing the expected cost: so he will close the bridge when CDN > CCB, and he will do nothing when
CCB > CDN. The loss C estimated by the manager in the prior situation is the minimum of the two costs
C = min(CDN, CCB). In the speciﬁc case, after an accident, Tom will think
If I close the bridge I pay a downtime cost of CDT = $139,800. If I don’t close the bridge I have 30%
probability of structural failure which will cost me CF = $881,600—thus (assuming linear utility
with cost) my overall loss will be CDN = 30% × $881,600 = $264,500. All things considered I should
really close the bridge.

Table I. Costs per action and state.

Action DN do nothing

Action CB close bridge

Scenario U

Scenario D

No damage

Critical damage

Nothing happens:
You pay nothing

Bridge is closed:
You pay 1-month downtime
CDT = $139,800.00

Copyright © 2013 John Wiley & Sons, Ltd.

Bridge collapses:
You pay failure cost
2-month downtime
Cost of fatality: $3,840,000.00
Chance of fatality: P(F|D) = 15%
Cost of injury: $52,000.00
Chance of injury: P(I|D) = 50%
Total failure cost
Same as on the left:
You pay 1-month downtime

$279,600.00
$576,000.00
$26,000.00
CF = 881,600.00
CDT = $139,800.00
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5. DECISION WITH MONITORING
We want now to investigate to what extent the information from the monitoring system may affect
Tom’s decision, and his perception of doing the right thing. In order to keep the problem clear and simple, we will make some assumptions on how Tom operates the system and uses its measurements. At
this point, we note that in this exercise, as well as in real life, it is less important to know what the monitoring system can theoretically do for the owner, but far more important is what information the owner
can gain from the monitoring system. So ﬁrst let us assume that the system is not permanently operated: Tom takes measurements every 2 years during routine bridge inspections, and no advanced data
analysis is applied. As stated earlier, to simplify presentation, we assume that after an accident, Tom
will pay attention only to changes in strain with respect to the last routine measurement, as recorded
at the midspan sensor P6-7d.
Tom expects that if the bridge is virtually undamaged, the change in strain will be close to zero. He is
also aware of the natural (normal) ﬂuctuation of the midspan strain, mainly due to thermal effects, and to
certain extent due to creep and shrinkage; On the basis of a numerical model of the structure and speciﬁcations of the monitoring system, he estimates this ﬂuctuation to be in the order of ±300 με. Formally, we
can encode this knowledge in a theoretical probability density function pdf(ε|U), with zero mean value and
standard deviation σ = 300 με, which represents Tom’s expectation of the system response in the
undamaged state. This distribution is usually referred to, in classical Bayesian theory, as likelihood of
no damage. Conversely, assuming that the bridge is heavily damaged but still standing, Tom expects a
signiﬁcant change in strain; we can model the likelihood of damage pdf(ε|D) as a distribution with mean
value of 1000 με and standard deviation of σ = 600 με, which reﬂects Tom’s uncertainty of expectation.
Using his prior judgment, Tom can also predict the distribution of ε, before these data are available, by
marginalizing the system states through the following formulation:
pdf ðεÞ ¼ pdf ðεjDÞPðDÞ þ pdf ðεjUÞPðUÞ

(2)

pdf(ε) is usually referred to as model evidence in Bayesian theory. These evidence functions are plotted in
the graph of Figure 3 (upper).
When the monitoring result ε is available to the manager, he can update his estimation of the probability of damage using Bayes’ formula:
PðDjεÞ ¼

pdf ðεjDÞPðDÞ
pdf ðεÞ

(3)

Figure 3. Evidence of scenarios (upper) and loss functions per scenario (lower).
Copyright © 2013 John Wiley & Sons, Ltd.
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where prob(D|ε) is the posterior probability of damage, taking the outcome of the monitoring into account. The new (a posteriori) estimates of the ﬁnancial losses associated with actions DN or CD are the
following:
C DNjε ¼ C F PðDjεÞ C CBjε ¼ C DT
(4)
Once again, if Tom’s decision is driven by an economic principle, he will choose the least expensive
option, so the loss associated with the decision, in the posterior condition, is


C*ðεÞ ¼ min C DNjε ; C CBjε ¼ minðC F PðDjεÞ; C DT Þ
(5)
where the star is a reminder that this cost, unlike that of Equation 1, is estimated taking account of the
monitoring information. These loss functions are represented in Figure 3 (lower).
The expression formulated in Equation 5 deserves the reader’s attention: the manager will likely decide on inspection not when the damage detection shows that damage is more likely than non-damage,
but when the loss expected for doing-nothing, CDN is greater than the cost of closing the bridge CCB.
Equation 5 quantiﬁes the loss in the case when a speciﬁc damage index (in our case strain ε) is
yielded by the monitoring system. We now want to calculate the loss expected a priori, that is, before
interrogating the system. To do so, we have to marginalize the loss expressed by Equation 5 using the
evidence of strain ε, pdf(ε) (i.e., strain is used as a damage index):
∞

∞

0

0

C* ¼ ∫ C*ðεÞpdf ðεÞdε ¼ ∫ minðC F pdf ðεjDÞPðDÞ; C DT Þdε

(6)

This quantity encodes the total expected cost of a decision process based on the information yielded
by the monitoring system and can be seen as a metric for evaluating the effectiveness of the monitoring
system itself. In our speciﬁc case, calculation of the integral of Equation 6 yields a total cost of
C* = $84,600.00: this is Tom’s expected loss after an accident, assuming he can take advantage of
the monitoring information to drive his decision. This value should be compared with the corresponding loss C = $139,800.00 that he expects to bear when monitoring data are not available. The difference
between the two is the VoI of the monitoring system, that is, VoI = CC* = $55,200.00. This value can
be considered as the maximum price that Tom would be willing to pay for any single interrogation of
the monitoring system performed after a hazardous event.

6. DISCUSSION AND GENERALIZATION
The VoI is the quantity that can drive the manager’s decision on whether or not to monitor a structure.
For example, the exercise shown in the previous section shows that three to four interrogations of the
monitoring system after a hazardous event (VoI = $55,200.00 for each of them) may justify the implementation of monitoring system ($140,000.00–190,000.00, see the section on Streicker Bridge) given
that the input parameters needed to determine VoI were accurately assessed (which is a broad topic
beyond the scope of this paper). VoI depends on operational costs C and C* (with and without monitoring) that in turn, as evident from Equations 1 and 6, depend essentially on three quantities: (i) the
expected ﬁnancial consequence of a collapse CF; (ii) the scenario likelihood of the damage index
(i.e., strain ε) probability density functions; and (iii) the prior knowledge of the structure state
(i.e., probability of damage) P(D). It is worth noting that these quantities are not strictly related
to the mechanical behavior of the structure or to the technical features of the monitoring system.
CF is a mere economic quantity, which reﬂects Tom’s personal loss expectation and may vary
depending on the social context and the principles (ethical, judicial, or economic) that inﬂuence
the individual responsible for the decision. P(ε|D) reﬂects the perceived capacity of the monitoring system to recognize a damaged state, which is only partially inherent in the technical features
of the system. P(D) is the credibility of damage occurrence from Tom’s point of view, which may
or may not be based on knowledge of the actual mechanical behavior of the bridge.
To better understand the practical meaning of the formulation derived, we analyze some extreme
cases. First, we assume that the monitoring system provides perfect information, which means that
Tom can always determine univocally the state of the bridge based on the sensor measurements. This
happens when the two likelihood distributions pdf(ε|U) and pdf(ε|D) do not overlap; thus, only one
Copyright © 2013 John Wiley & Sons, Ltd.
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possible state is associated with any one value of strain. In this case, it can be seen that Equation 6
becomes
(7)
C* ¼ CDT PðDÞ
which means that Tom will close the bridge only if the sensor tells him there is a damage, and this is
expected to happen with a probability P(D). Thus, in this case, the VoI will be
VoI ¼ C  C* ¼ C DT  C DT PðDÞ ¼ C DT PðUÞ

(8)

which is basically the cost Tom will incur for taking the wrong decision because of his lack in knowledge of the bridge state. Equation 8 also represents to Tom the upper bound value of VoI, using any
possible monitoring system installed on Streiker Bridge independently of its comprehensiveness in
damage detection or level of accuracy.
Two other cases are those of extreme prior perceptions of the state of the structure. Let us assume,
for example, that Tom is ﬁrmly convinced that the bridge is invulnerable. This perception can be
encoded in the prior probabilities P(U) = 1 and P(D) = 0. It can be concluded that under these conditions, Tom’s perception is that C = 0 (‘Trust me, no need to close the bridge, nothing will happen’)
and so will be the perception of VoI, regardless of accuracy and comprehensiveness of the monitoring
system. Similarly, for an over-concerned Tom, who believes that the bridge is highly vulnerable to
truck collision, the prior probability will be P(D) = 1, that is, the action will be to close the bridge regardless the information obtained from the monitoring system. In this case, evidently, Tom’s perception would be C = CCB; Equation 6 yields C* = CCB (‘Too dangerous, I’d better close the bridge
anyway’), and therefore, again, Tom’s perception will be that VoI = 0. These two examples conﬁrm numerically the real-life observation that if the bridge owner or manager is too strongly convinced of the
prior state of the bridge, no information coming from monitoring system can ever change his/her mind.
Lastly, we have another extreme case when an action has no direct consequence for the manager.
Say, for example, that to Tom, the indirect cost to users is irrelevant, that is, CCB = 0 (in contrast with
the assumption earlier). In this case, closing the bridge will always be the natural choice (‘I’ll close it—
it costs me nothing’), and because C = 0, here again, a monitoring system will be perceived as useless,
that is, VoI = 0.
Now, following a similar approach, we can reformulate Tom’s decision problem in more general
terms. Earlier, we assumed that Tom conceived only two possible states of the bridge, damaged and
undamaged: now, let us assume that to Tom, the number of possible states might be more than two
(e.g., no damage, moderate damage, severe damage, and collapse): we label the n possible states as
S1, S2,…., Sn, and we assume these possibilities to be mutually exclusive and exhaustive.
To further generalize, say that after he received knowledge of a hazardous event (e.g., a truck collision, earthquake, vandalism, or other event), Tom can choose among a wider set of actions (instead of
the sole two assumed earlier), which we generally indicate with a1, a2, …, am, m being the number of
possible options.
Any action undertaken by Tom will result in a cost, which in general depends on the real state of the
bridge. Label cij is the expected cost for action ai, knowing that the bridge is in state Sj. We will accept
that the decision occurs in a single step and that to Tom utility is linear with cost, so in this generalization, we can still exchange the concepts of cost and negative utility. Because initially Tom has no
information on the state of the structure, he will estimate the expected cost Ci of action i based on
his prior knowledge of the state:
m
 
(9)
C i ¼ ∑ cij P Sj
j¼1

where P(Sj) is the prior probability of state Sj. As a rational agent, Tom will choose the most economic
option, which causes the minimum loss ci; thus, the total cost a priori is calculated by
m
 
C ¼ min C i ¼ min ∑ cij P Sj
i

i

(10)

j¼1

Equation 10 encodes the cost of operation of the bridge without the monitoring system. Now, assume the monitoring system provides a set of observations y (e.g., strain, tilt, and acceleration); the
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knowledge of the monitoring information modiﬁes Tom’s prior knowledge of state Sj from P(Sj) to
posterior P(Sj|y), so in general, Equation 7 rewrites to
m


C i ðyÞ ¼ ∑ cij P Sj jy

(11)

j¼1

where the star * is a reminder that this is an expected cost posterior to the knowledge of information y.
The posterior probability is formally given by Bayes’ rule:

  

 pdf yjSj P Sj
(12)
P Sj jy ¼
pdf ðyÞ
where the term at the denominator, the evidence, reads:
n
 
 
pdf ðyÞ ¼ ∑ pdf ySj ÞP Sj

(13)

j¼1

Here again, once known the observation set y, the optimal action i is that which causes the minimum
loss C; therefore, similarly to Equation 5, we can write
m


c ðyÞ ¼ min C i ðyÞ ¼ min ∑ cij P Sj jy
i

i

(14)

j¼1

Equation 12 states the expected loss with an individual realization of y. To evaluate the VoI, however, we want to estimate the cost when the observation has still to happen. Following the same approach as in the previous simpliﬁed example, we know Tom’s expected distribution of occurrence
of y is actually the evidence stated in Equation 11. Similarly to Equation 6, we can estimate the operational cost expected a priori with monitoring; and in a similar way as earlier, we want now to estimate
the prior operational cost:
(
)
m


(15)
C* ¼ ∫Dy c ðyÞ pdf ðyÞ dy ¼ ∫Dy min ∑ cij P Sj jy pdf ðyÞ dy
i

j¼1

where the integral is extended to the domain Dy of all possible observations. Using Bayes’ rule, as
stated in Equation 12, we obtain
(
)
m

  
(16)
C* ¼ ∫Dy min ∑ cij pdf yjSj P Sj dy
i

j¼1

So in conclusion, the VoI of an independent monitoring interrogation reads
(
)
m
m
 

  
VoI ¼ C  C* ¼ min ∑ cij P Sj  ∫Dy min ∑ cij pdf yjSj P Sj dy
i

j¼1

i

(17)

j¼1

Here again, we can conclude that the value of a monitoring system depends on the three types of
parameters mentioned earlier: (i) the expected losses cij; (ii) the perceived capability of the monitoring
system to recognize various damage states pdf(y|Sj); and (iii) the prior knowledge of the structure state
P(Sj). It is worth noting that all these parameters vary in general with the subjective principles and perception of the individual who makes the decision, although his/her perception is supposedly educated
by his/her knowledge of the physics of the problem.
7. ‘WHY SHOULD I WASTE MY MONEY ON MONITORING?’
At this point, we can go back to the original dilemma (‘Why should I waste my money on monitoring?’)
and answer it by further generalizing Equation 8 in the framework of life-cycle analysis [34,35]. In the
most general form, we can deﬁne the life-cycle value V of monitoring as
(18)
V ¼ CLC  CLC
where CLC denotes the life-cycle cost of the monitoring-free bridge and, as per established notation, the
additional star * indicates the corresponding cost when a monitoring system is installed and operating.
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In Equation 18 and hereinafter, we use script fonts (e.g., C) to denote life-cycle quantities, in contrast with
the Roman fonts (e.g., C) of Equation 8, which refer to single monitoring interrogations. By using a similar formulation as in [36], the life-cycle cost CLC can be broken down into
(19)
CLC ¼ C0 þ CM þ CR
where C0 is the initial investment (which include the bridge construction cost), CM (‘M’ for maintenance)
is the present cost of routine maintenance, and CR (‘R’ for repair) is the present value of the expected cost
for unscheduled maintenance and repair, including any indirect cost to the users. In general terms, the
present value of the maintenance cost is estimated cumulating over the lifespan tL of the bridge the future
maintenance cost cM,i planned for year i:
tL
cM;i
CM ¼ ∑
(20)
i
i¼1 ðr þ 1Þ
where r is the discount rate. Assuming the annual maintenance cost constant and equal to the annuity cM,
Equation 17 reduces to [34]:


cM
1
1
CM ¼
(21)
r
ð1 þ r Þt L
Cost CR incorporates all cost for unscheduled maintenance and repair during the bridge lifespan, and in
a broader sense, for any cost not routinely planned. In general, we can say that any such unplanned cost is
the ultimate result of the occurrence of an event. For example, in Tom’s case earlier, a cost C (of Equation
10) is expected in reaction to event ‘truck collision’. Assume our Tom may conceive N different types of
event and label (j)ki the number of occurrences of event j at year i: similarly, label (j)C the resulting
expected cost calculated as per Equation 10; then, CR simply writes
"
#
tL N ð jÞ kið jÞ C
(22)
CR ¼ E ∑ ∑
i
i¼1 j¼1 ðr þ 1Þ
ðjÞ

where notation E[.] means expected value. To simplify the formulation, assume that random variable k i
has Poisson distribution with mean occurrence rate of λj, independently of bridge age i. In this case, Equation 22 reduces to
N

∑ λj ð jÞ C 

CR ¼

j¼1

r

1

1
ð1 þ r Þt L


(23)

In a similar way, when a monitoring system is installed and operating, we can estimate the life-cycle
cost CLC and its components C0 , CM , and CR . In this case, the initial investment C0 will also include the
additional cost ΔC0 of design, supply, and installation of the monitoring system:
C0 ¼ C0 þ ΔC0

(24)

ΔC0

It is worth noting that
comprises in the broader sense any cost related to the initial monitoring investment, including, for example, costs for consultants and/or structural modeling, which are instrumental
to the design and operation of the monitoring system. The cumulative-time bridge maintenance cost will
also include an annual monitoring operation cost ΔcM , which typically includes hardware maintenance,
system management, and personnel cost for routine data analysis. Thus, Equation 21 changes to


cM þ ΔcM
1
CM ¼
(25)
1
r
ð1 þ r Þt L
The expression for unscheduled maintenance and repair cost CR is formally similar to that of Equation
23, with the only difference that the expected cost ( j)C* is now estimated with Equation 16:
N

CR
Copyright © 2013 John Wiley & Sons, Ltd.
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r

1
1
ð1 þ r Þt L


(26)
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Finally, keeping in mind Equations 19, 20, 21, 23, 24, 25, and 26, the life-cycle value V of monitoring can be expressed as
(
) 

N
1
1

ð jÞ
 ΔC0
1
(27)
V ¼ ∑ λj VoI  ΔcM
r
ð1 þ r Þt L
j¼1
where ( j)VoI = ( j)C  ( j)C* indicates, similarly to Equation 17, the VoI of an independent monitoring
interrogation, on occurrence of any event of type j. On the basis of Equation 27, monitoring can be seen
as an investment with initial cost ΔC0 and an expected annual net beneﬁt B* equal to
N

B ¼ ∑ λj ð jÞ VoI  ΔcM

(28)

j¼1

which depends on the VoI of individual interrogations, the expected occurrence rate of the events demanding interrogation and monitoring operation cost. Evidently, installing a monitoring system is economical when its return in terms of beneﬁt overcomes its initial investment. The break-even point tBEP,
that is, the time when monitoring beneﬁt has repaid the initial investment [34], is calculated putting


B
1
 ΔC0 ¼ 0
1
(29)
V ðt BEP Þ ¼
r
ð1 þ rÞtBEP
which eventually yields


log B  log B  rΔC0
t BEP ¼
(30)
logð1 þ r Þ
In conclusion, monitoring is worthwhile for Tom when the system life-cycle value V, estimated by
Equation 27, is greater than zero. Which is to say that Tom will not ‘waste his money’ when the system
lifespan tL exceeds the break-even point tBEP calculated with Equation 30.

8. CONCLUSIONS
In this paper, we present a methodology for economic evaluation of the impact of monitoring on bridge
management using the VoI. The general approach is based on the observation that the information
yielded by an assessment procedure (monitoring) allows the manager to recognize the most costeffective action strategy. The methodology developed uses Bayesian logic and decision theory and
is based on the hypothesis that the bridge manager will decide to act (i.e., perform repair, conservation,
or maintenance work) not when the monitoring system shows that structure is more likely to be in a
damaged state than in a non-damage state but rather when the loss expected for non action is greater
than the cost of action.
The methodology was applied to the simpliﬁed case of the Streicker Bridge, managed by a ﬁctitious
manager, Tom, and it shows that three to four measurements provided by the monitoring system following a hazardous event can justify the implementation of monitoring; this demonstrates the applicability of the proposed methodology. The case study exempliﬁes how we can estimate the economic
beneﬁt of a monitoring system for any detectable event, which requires damage assessment. Four extreme cases related to possible manager perceptions of system performance, to prior structure state and
to indirect costs, are analyzed and discussed, resulting in outcomes that are recognizable in real-life
situations.
Generalized models were developed including various multiple damage scenarios and remedial actions, and a general formulation for evaluating the life-cycle value of monitoring has been provided.
Within this general framework monitoring is, in an abstract sense, ‘anything which produces information useful to take decisions’; therefore, visual inspection, consultants, archive research, and any other
investment producing information are equivalent to monitoring for the scope of this formulation. The
applicability of the methodology depends on input parameters that may be difﬁcult to estimate (e.g.,
manager’s prior perception of bridge condition after the damage), and accurate determination of these
parameters represents the challenge to be addressed in future work. Statistical analysis of large amounts
of relevant data collected over years by bridge management authorities worldwide (e.g., the Federal
Copyright © 2013 John Wiley & Sons, Ltd.
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Highway Administration and state Departments of Transportation in the USA) may be a good starting
point for this future study.
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