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Abstract: Bridge inspection standards in the United States require routine visual inspections to be
conducted on most bridges at a maximum interval of two years regardless of the bridge condition.
Limitations of this uniform calendar-based approach have been reported in the literature. Accordingly,
the objective of this study is to provide a new systematic approach for inspection planning that
integrates information from bridge condition prediction models, inspection data, and expert opinion
using Bayesian analysis to enhance inspection efficiency and maintenance activities. The uncertainty-
based inspection framework proposed in this study can help bridge owners avoid unnecessary or
delayed inspections and repair actions, determine the inspection method, and consider more than one
deterioration process or bridge component during the inspection planning process. The inspection
time and method are determined based on the uncertainty and risks associated with the bridge
condition. As uncertainty in the bridge condition reaches a defined threshold, an inspection is
scheduled utilizing nondestructive techniques to reduce the uncertainty level. The framework is
demonstrated on a new and on an existing reinforced concrete bridge deck impacted by corrosion
deterioration. The results show that the framework can reduce the number of inspections by 50%
compared to conventional scheduling methods, and the uncertainty regarding the bridge maintenance
time is reduced by 16%.

Keywords: reinforced concrete; corrosion; bridge decks; cover meter; chloride ion penetration test;
nondestructive evaluation; bridge inspection; uncertainty quantification; Bayesian updating

1. Introduction and Purpose

In the United States (U.S.), bridge inspections are conducted based on the National
Bridge Inspection Standards (NBIS), which were developed by the Federal Highway
Administration (FHWA) after the collapse of the Silver Bridge in 1967 [1]. The NBIS
requires that, for almost all bridges, a routine inspection should be conducted every two
years using visual inspection, and for structurally deficient bridges, annual inspections
should be conducted [2]. However, this uniform calendar-based approach was established
based on expert judgement 50 years ago without any quantitative justification [3] and
several limitations have been reported in the literature [4].

The uniform calendar-based approach does not consider the inspection requirements
of a bridge based on its age and deterioration process, which can result in the same
inspection interval and procedure for a new or aging bridge [5]. Further, visual inspections
are highly subjective, arduous, and depend mainly on the inspector’s experience [6]. Visual
inspections, if not accompanied by a chain drag test, are limited to surface defects and
can only locate subsurface deteriorations (i.e., rebar corrosion, delamination, and voids)
that have reached a significant extent and have emerged to the surface of the bridge
element [7]. Given the limited information that can be collected from visual inspection,
if the inspector suspects a problem with the bridge during routine inspections, Departments
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of Transportation (DOTs) will conduct a more in-depth inspection using more advanced
inspection techniques [8]. Repeating inspections with more sophisticated techniques can
consume a lot of time and money. Moreover, bridge inspection methods commonly remain
constant throughout the life span of the bridge despite the fact that bridge deterioration
processes can change over time, which is another major limitation to current inspection
practices [9].

On the other hand, the technologies available for bridge inspection and condition
evaluation have changed significantly over the past 50 years. For example, nondestruc-
tive evaluation (NDE) is an effective enhancement to overcome the limitations of visual
inspection. NDE techniques can help predict the bridge performance and establish the
internal condition of a structure, such as the likelihood of corrosion in a concrete element,
locating subsurface cracks, and detecting fatigue cracks and welding discontinuities in steel
members [10]. However, NDE methods are accompanied by inaccuracies or limitations
and cost, meaning they should be strategically deployed [11].

In addition to adopting new methods for inspection, several studies have been devel-
oped to help predict the deterioration process of bridges. Deterioration prediction models
are commonly used to capture the condition of the bridge and schedule bridge maintenance
accordingly [12]. However, deterioration models can also help in selecting the inspection
time and adjusting the inspection techniques depending on the predicted bridge condi-
tion [13]. Parameters used in the prediction model can be highly variable depending on
the uncertainty in the properties of the bridge; therefore, probabilistic approaches should
be considered during the decision process [14]. Given the limitations of current inspection
practice and recent innovations in bridge design and technology, the FHWA is currently
encouraging DOTs to improve the efficiency of bridge inspections and move away from
the fixed calendar-based inspection interval to a more rational approach that depends on
the risks associated with the bridge condition and in-service environment [15].

The objective of this study is to provide a systematic approach for integrating informa-
tion from bridge condition prediction models, NDE inspection data, and expert judgement
to enhance the understanding of bridge condition, allowing for a more efficient use of
inspection resources and better decision making about maintenance activities. As a result,
this study developed a new uncertainty-based inspection planning framework that enables
bridge inspection planners to determine the inspection time and technique based on the
bridge condition. The novel premise of this study is that bridge inspections are conducted
to provide knowledge about the bridge’s current condition and therefore an inspection
should only be conducted when the level of uncertainty about the bridge condition is
higher than a certain threshold.

This study contributes to the body of knowledge in bridge management research by
providing a novel and rational alternative for bridge inspection planning to the currently
utilized uniform calendar-based approach [2]. This study helps in improving the bridge
management process by providing a framework for managing different data sources and
using those for inspection and maintenance planning. From a practice standpoint, adopting
the proposed framework will result in utilizing inspection resources more efficiently and
improving bridge safety and serviceability because the presented methodology can help
bridge owners (1) avoid unnecessary or delayed inspections and repair actions, (2) combine
both routine and in-depth inspections with a single valuable inspection that utilizes the
capabilities of NDE methods, and (3) consider more than one deterioration process or
bridge component during the inspection planning process.

In the framework, the inspection time is determined by quantifying the uncertainties
associated with the prediction model and the probability of an element transitioning to a
certain phase of deterioration during the life cycle of the bridge. Selecting the inspection
technique depends on the stage in the bridge element’s service life and how effectively
the technique can reduce the uncertainty about the bridge condition. After an inspection
is conducted, the new inspection data are used to update the deterioration model using
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Bayesian updating, and the updated deterioration model is used to inform a more accurate
prediction of the next inspection and repair time.

Bridge decks play a significant role in representing the serviceability and safety of a
bridge since they are part of the primary load path for the whole system [5]. Therefore,
from a scoping perspective, the focus of this study will be on reinforced concrete (RC)
decks that are exposed to chloride-induced corrosion. RC decks are considered the most
expensive bridge components, requiring regular maintenance and rehabilitation; therefore,
accurate evaluation and inspection planning are significant [16]. However, it should be
noted that the framework presented in this paper is flexible and can be applied to different
bridge components with different materials and structural systems.

2. Inspection Planning: Literature Review

Due to the importance of inspections and their connection to the safety of the structure
and maintenance decisions, in the last few decades, research in the field of inspection
planning has been performed extensively, using different approaches such as optimization-
based methods, reliability theory, and risk analysis using the value of information (VoI)
and expert judgement. This section analyzes the research effort that has been conducted in
the field of bridge inspection planning and the frameworks that have been proposed.

2.1. Optimization-Based Methods

In inspection planning, different objectives in both single- and multi-objective op-
timization problems have been considered such as minimizing the expected damage
detection delay, minimizing the probability of failure, maximizing the extended service life,
and minimizing the expected total life cycle cost [17]. Deterioration models are used in the
optimization process to capture the deterioration mechanism [18,19] and the probability of
detection (PoD) is used to quantify the quality of different inspection methods [20].

An optimization process was presented by Kim and Frangopol [21] to find the opti-
mum inspection times and method for inspecting a concrete bridge exposed to corrosion.
The study concluded that an increase in the number of inspections or improving the in-
spection quality will reduce the expected damage detection delay but will increase the
inspection cost. In a bi-objective optimization process, Kim and Frangopol [22] found that
for fatigue-sensitive structures, if minimizing the cost of a structure failure was an objective
in the optimization process, the cost of high-quality inspections will be justified, and if
more than two inspections are to be conducted, using NDE methods with a higher quality
in the early stages of the bridge service life followed by lower-quality methods later in the
service life is the most cost-effective.

Kim, Frangopol and Soliman [13] extended the optimization process presented in [21]
to find the effect of minimizing the damage detection delay on the repair activities of RC
bridges. Kim, Frangopol and Soliman [13] found that conducting high-quality inspections
combined with early preserving maintenance can be cost-effective and will extend the
service life of the bridge. The discussed frameworks focused on providing an inspection
plan for a single structure component; therefore, Soliman, et al. [23] provided an inspection
planning approach for a steel bridge with multiple fatigue-sensitive details. It was noted
by the authors that the optimizer chooses the low-quality inspections to be performed
later since they will have a higher PoD and cracks will be larger and easier to detect.
Their findings agreed with Soliman and Frangopol [24], where a Bayesian updating process
and inspection outcomes were incorporated in the planning framework to choose the
appropriate inspection and repair time. Other optimization planning frameworks with
more than two objectives were presented by Kim, et al. [25], where redundant objectives
were identified and omitted to enhance the optimization process.

Drawbacks of optimization-based approaches have been noted in several studies such
as the following: considering more than one time-dependent deterioration mode is very
complex [21]; the processes can be very sensitive to the deterioration model inputs [13];
and incorporating inspection results in the decision process to update the inspection sched-
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ule will require an expensive computational effort [26]. Further, the PoD functions that
have been used in several inspection planning studies [20] can be difficult and expensive to
determine for an NDE method since NDE methods are based on experimental tests which
do not represent the onsite conditions and have to be repeated several times for the same
material for each NDE method.

2.2. Reliability-Based Methods

Reliability concepts have been proposed in many studies as an approach for mainte-
nance planning, where maintenance should be considered when the structure reaches a
defined limit state. However, some studies propose inspection planning frameworks using
reliability theory and lifetime functions, in order to avoid a structure failure and delayed
maintenance [27]. Kwon and Frangopol [28] proposed a combined approach that integrates
a fatigue reliability model (FRM), crack growth model curves (CGM), and a PoD model
to predict fatigue crack growth propagation with time and to schedule inspections and
repair actions. Using a similar reliability approach, Dong and Frangopol [29] suggested
that inspections or repairs do not have to be performed on the whole structure at one
time but can focus on a specific component to reduce the inspection cost and improve the
inspection quality, which supports the ideas presented by [30].

Before Dong and Frangopol [29], Orcesi and Frangopol [31] incorporated lifetime func-
tions in the reliability analysis process and found that inspection schedules and methods do
not have to be the same for the whole structure. This means that for highly critical bridge
elements, inspection techniques can be improved compared to less important or more
redundant elements. Further, Soliman and Frangopol [32] used lifetime reliability functions
to schedule inspection times, based on pre-defined threshold values. This time, Bayesian
updating was utilized to update the fatigue model parameters using inspection outcomes
and update inspection times. One of the main limitations of the studied reliability-based
inspection frameworks is that they focus on the safety of the structure and time of failure
without considering its serviceability or consequences of a failure [33]. Moreover, in some
cases, the capacity and the applied loads on the structure have to be predicted which can
lead to inaccuracies in the decision process [34].

2.3. Risk-Based Methods

There is always a probability that the structure fails during operation and the conse-
quence of this component or structure failure depends on its redundancy and criticality.
Risk-based inspection (RBI) is based on quantifying the risk associated with an element
or system failure by considering the probability and consequence of a failure in terms of
both serviceability and safety. The consequence of a structure failure can be quantified
using mathematical concepts such as the value of information (VoI) or expert judgments.
Liu and Frangopol [35] presented a risk-based framework for inspection scheduling that
will assist decision makers achieve the maximum value of information using Bayesian
theory. Their results agreed with the findings of Agusta, et al. [36] that NDE methods
with a higher PoD provided a higher value of information at earlier stages of the structure
service life and reduced the risk of failure.

Based on the Bayesian analysis and algorithms presented by [37,38], Yang and Fran-
gopol [26] presented a pre-posterior analysis with assumed inspection scenarios to choose
the inspection time and method that will minimize the posterior life cycle cost and provide
the highest VoI. The analysis indicated that the life cycle cost decreases when budgets for
inspection and repair increase. However, to calculate the VoI, long-term projections of
the expected outcomes from different inspection and maintenance scenarios have to be
conducted, which can cause several inaccuracies and uncertainties if these projections are
made for a long time in the future. Thus, without having to consider the whole life cycle
of the system, Haladuick and Dann [39] presented a framework that uses the VoI to help
inspection planners in selecting the inspection technique for only the next inspection time.
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Most of the risk-based inspection frameworks discussed in this section required
expensive computational efforts and did not incorporate the experience or judgment of
bridge engineers, unlike the work presented by Washer, Nasrollahi, Applebury, Connor,
Ciolko, Kogler, Fish and Forsyth [5], which was a simple method for inspection planning
based on a rational and qualitative risk analysis. The planning program involves evaluating
the likelihood and consequences for a certain damage to occur using an expert panel of
experienced engineers in the field of bridge engineering. Based on the bridge’s risk
characteristics, an inspection interval was assigned to the bridge using a risk matrix.
Although this framework is simple and can be easily applied in practice, it can be subjective
and affected by the judgement of the expert panel, which is relatively a similar limitation
to other approaches that were based on expert judgement such as the one presented by
Parr, et al. [40]. Using a more quantitative approach and statistical data analysis, Nasrollahi
and Washer [41] presented a study where bridge inspection intervals were decided using
archived NBI rating data collected during routine bridge inspections. The purpose of this
analysis was to determine the length of time a bridge will stay in a certain condition before
deteriorating to a lower condition and performing inspections during this time span.

2.4. Research Gaps

In a previous paper presented by Atadero, et al. [42], uncertainty-based inspection
was introduced but did not consider lifetime functions, different types of deterioration at
the same time, or pre-posterior analysis for choosing the next inspection method, and such
as other studies, a guide for choosing uncertainty thresholds was not provided. Research
in the field of bridge inspection planning and scheduling has covered a wide range of ideas
and approaches, but to the authors’ knowledge, uncertainty quantification methods in the
inspection planning process have not been used or analyzed using a detailed application
in the same way that is presented herein. Further, none of the presented frameworks have
yet been applied in practice, and until now, bridge owners continue to rely on the two-
year routine inspection program, followed by in-depth inspection if required. The lack of
adoption could be due to the complexity of the proposed inspection planning approaches,
the skills required for applying the methodologies, the desire to eliminate engineering
judgment which is found in some of the inspection planning frameworks, and/or focusing
only on the life cycle of the structure which, in some cases, can be unnecessary and full of
uncertainty as one moves longer into the lifetime of the structure. Moreover, considering
more than one deterioration process in the inspection planning phase is important but can
be difficult to implement in most of the presented studies [43].

Given these limitations and research gaps, this study proposes a computationally sim-
ple and easily implementable (i.e., practical) methodology for bridge inspection planning
that can help address some of the research gaps and be applied in practice. The uncertainty-
based inspection methodology is flexible and can be adapted to consider different bridge
components and deterioration mechanisms. To minimize subjectivity and complexity,
the framework integrates simple quantitative methods and engineering judgment simulta-
neously in the planning process.

3. Decision Framework for Uncertainty-Based Inspection Planning

It is important that bridge owners know the condition of their bridge stock and
how the condition will deteriorate with time to be able to effectively plan for inspections
and repair actions. However, determining the inspection time and technique is a non-
trivial problem with several uncertainties and contradicting objectives [35]. Uncertainty
in the bridge condition arises from various aspects, such as environmental conditions
surrounding the bridge and from the properties of the bridge itself, and typically increases
over time. Limitations of tools used to analyze bridge performance such as the accuracy of
inspection techniques and the variability of parameters used in a prediction model also
contribute to uncertainty in establishing the bridge condition. Thus, bridge owners must
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be aware of the different sources of uncertainty and try to reduce that uncertainty to a limit
where appropriate actions and decisions can still be taken.

The uncertainty-based inspection framework is based on two main concepts: (1) bridge
inspections should be performed when the degree of uncertainty regarding the bridge
condition reaches a defined threshold and (2) inspection methods are determined based
on how well a technique can reduce the uncertainty regarding the bridge condition and
improve the prediction of the deterioration model. Figure 1 provides a summary of the
proposed framework and the tasks required to determine the inspection time and methods.
The following sections will explain the framework in detail.
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3.1. Indicator of Bridge Condition

In current bridge inspections, the condition of the bridge is evaluated using mainly the
NBI rating system [44] or the AASHTO element level system [45]. In the NBI rating system,
the condition of the bridge components (i.e., concrete deck or piers) is reported on a scale
from 0 to 9, in which 0 and 9 describe a failing and a new component, respectively [44].
In the AASHTO element level system, the performance of bridge elements is rated using
mainly four condition states (CS): good (CS1), fair (CS2), poor (CS3), and severe (CS4) [45].
The quality and accuracy of the information and rating provided in the bridge inspec-
tion report depend mostly on the experience and training of the bridge inspector which,
in some cases, might be inaccurate and subjective [6]. Further, in the current bridge rating
systems, the language used to describe the component condition is qualitative and might
be understood differently by different bridge inspectors, leading to several uncertainties
and inconsistencies [6].

Accordingly, this paper will demonstrate a different approach where the condition
of the bridge is represented in terms of the time to transition (TTT) which is the predicted
time for the bridge element or component to reach a certain phase or condition in its
service life. The TTT is a quantitative measurement estimated based on the information
provided from both prediction models and collected inspection data, which can help in
minimizing subjectivity and ambiguity among bridge inspectors and improve the quality
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of the recorded inspection data. Moreover, the core value of a bridge inspection is to
support bridge owners in their management decisions. Most bridge management systems
(BMSs) are used to project the time for a bridge element condition to transition from
one stage to another, in order to decide on an appropriate maintenance time. Similarly,
the TTT provides a flexible indicator of the bridge condition, which can represent the time
from the beginning of the bridge service life until reaching a certain condition, or the time
between different stages in the bridge service life. For example, the TTT could be the time
from opening the bridge until corrosion initiation or crack propagation, or it could be the
time from corrosion initiation until corrosion cracks propagate on the surface. The TTT
can be adjusted to fit different bridge systems, deterioration mechanisms, and materials,
such as the time for corrosion propagation in concrete decks and the time for fatigue cracks
to reach a certain size limit in steel details.

Further, different bridge elements can spend a long period of time in the initial
stages of deterioration, where the deterioration rate is slow. During this time, the bridge
element condition is changing, but bridge inspectors are not able to document any sign
of deterioration. For instance, chlorides in concrete decks might spend a long period
accumulating in the concrete substrate without showing any signs of deterioration for
bridge inspectors to report, as well as not providing any chance for bridge owners to
perform preventive maintenance. Considering these initial phases of deterioration using
the TTT concept and the presented framework will help bridge owners make timely and
accurate inspection and maintenance decisions, as the TTT can also be set as the time when
a maintenance activity should be conducted. In addition to identifying the appropriate
maintenance time, the TTT will help a bridge inspection planner track the different stages
of the bridge service life so they can decide on prediction models and NDE methods that
are appropriate to capture and measure the deterioration process during a defined phase
in the bridge life cycle.

Overall, evaluating and reporting the TTT for a bridge component is an essential step
in the proposed framework; however, the TTT does not replace the NBI or AASHTO rating
system [44,45]. In fact, it can be used along with the other rating systems to enhance the
data gathered during inspections and the quality of the inspection reports.

3.2. Choosing Inspection Time

To choose the next inspection time using the uncertainty-based inspection framework,
a bridge inspection planner should select a prediction model able to capture the deteri-
oration mechanism and predict the TTT and then quantify the uncertainty in the model
prediction and compare the model uncertainty with the uncertainty thresholds to select the
next inspection time.

3.2.1. Properties of Deterioration Model and Corresponding Uncertainty

The framework starts by analyzing the structure properties, in-service environment,
and inspection and maintenance records, if available, to establish the deterioration mech-
anisms that are most likely to affect the bridge performance. Based on the identified
deterioration mechanisms, appropriate prediction models that can describe and predict
the uncertainty in the time-dependent deterioration process are adopted. For example,
in this paper, three mechanistic deterioration models, as detailed in Appendix A, will be
utilized to predict (1) the corrosion initiation time, (2) the time for corrosion cracks to reach
a certain size, and (3) the time needed for corrosion to reach a certain depth in the steel rein-
forcement. Moreover, the proposed framework seeks to select the inspection method based
on the ability of the method to reduce uncertainty. Therefore, it is important to choose a
model that has parameters that can be refined and updated using inspection measurements
(i.e., NDE inspection data), which will reduce the level of uncertainty associated with the
prediction model.

To consider uncertainty in a deterioration model prediction, a probabilistic approach
should be used. One can assume that Y(t) is a random variable representing the bridge
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condition at time t or the TTT and y(t) represents the corresponding realization. A suitable
deterioration model can be used to predict Y(t) at any future time t including the model
uncertainties. Therefore, a general form for the deterioration model can be expressed as [42]

y(t|θ)=Md(t;θ) (1)

where Md(t;θ) is the deterioration model and θ is the uncertain model parameters (e.g.,
material properties, environmental exposure, use of deicing salt, loading conditions) with
a probability distribution function (PDF) f(θ) for each random variable representing the
prior information a bridge inspector has about the parameters. By propagating the un-
certainty in the model parameters θ using an appropriate computational method (e.g.,
Monte Carlo simulation or importance sampling), we can establish the associated uncer-
tainty in the prediction of Y(t). The time to reach a certain bridge condition (i.e., TTT) can
be probabilistically represented using a PDF or can be characterized using a mean µTTT and
standard deviation σTTT. It should be noted that the framework is general and, depending
on the problem, any deterioration model (i.e., stochastic or mechanistic) that fulfills the
aforementioned requirements can be implemented in the planning process.

3.2.2. Criteria Used to Choose Next Inspection Time

Based on the results of the prediction model, the bridge inspector can choose the
inspection time considering two criteria, (1) the level of uncertainty in the predicted bridge
condition before the TTT and (2) the probability to reach the TTT using lifetime functions.
In this paper, the inspection time will be denoted by tIns,N, where N is the number of the
inspection in a sequence of inspections.

Statistical descriptors such as the standard deviation σY or coefficient of variation
COVY can be used to quantify the uncertainty in the results of the deterioration model.
For the first criterion, we start by predicting the time for the bridge to reach a series
of specific conditions before the TTT and quantifying the uncertainty in the prediction
results using the aforementioned statistical descriptors. Then, to determine the inspection
time based on the first criterion, let σth denote the threshold (i.e., upper bound) for σY.
The corresponding inspection time can be selected as the first expected time that σY equals
or exceeds σth, i.e., tσIns={min(t):σY≥σth}. To explain further, let us consider that the TTT
will be the time to reach a crack size of 10 mm. Then, to propagate the uncertainty with
regard to the bridge condition, we will calculate the expected or average time (E[t]) to
reach different crack sizes before reaching 10 mm (TTT), for example, 2, 3, and 5 mm and
the corresponding σY at each crack size which will be expressed as a unit of time (years,
months, etc.). Then, at the time σY exceeds σth, an inspection has to be considered.

For the second criterion, lifetime functions will be used to calculate the probability of a
bridge reaching a defined stage in its service life. Several lifetime reliability functions have
been successfully used as performance indicators in the field of asset management [27].
One of the main lifetime functions is the cumulative probability of failure which will
be used in this paper as the cumulative probability of transition, in order to choose the
inspection time. The cumulative probability of transition F(t) is defined as the probability
that the TTT to the Kth stage of the service life of a bridge component is less than or equal
to the time t and is expressed in Equation (2), where f(.) is the PDF of the TTT:

F(t) = P(TTT ≤ t) =
∫ t

0
f(x)dx (2)

To select the inspection time based on the second criterion, let Pth denote the threshold
(i.e., upper bound) for F(t); then, the corresponding inspection time can be selected as the
first time that F(t) exceeds Pth, i.e., tP

Ins = {min(t):F(t)≥Pth}. Finally, the bridge inspector
should choose the smaller tσIns or tP

Ins as the next inspection time.
Another issue that needs to be considered when scheduling the next inspection time

is the fact that bridges may be subjected to several modes of deterioration simultaneously.
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These deterioration mechanisms can be related; for example, in the case of cracks on the
surface of a concrete deck and loss of the cross-sectional area in the steel reinforcement,
both phenomena are due to corrosion. Conversely, the deterioration processes can be
unrelated such as corrosion of the concrete deck and fatigue of steel details and can still
be considered using this framework. If two deterioration mechanisms g1 and g2 affect the
bridge performance, a bridge inspection should be considered whenever the cumulative
probability of transition of each deterioration process, F(t)g1

or F(t)g2
, reaches Pth or the

standard deviation, σY,g1
or σY,g2

, exceeds its threshold. Accordingly, a bridge inspector
will have four inspection times to choose from; therefore, based on a more conservative
and crude decision, the tIns,N should be the minimum of all four inspection times.

3.2.3. Determining the Uncertainty Thresholds Using an Expert-Based Assessment Process

The selected uncertainty thresholds Pth and σth will control the inspection time and,
ultimately, the number of inspections conducted over a bridge’s service life. Smaller thresh-
old values will lead to more inspections, and higher threshold values will lead to fewer
inspections. The selection of the threshold values depends on the bridge owner’s attitude
towards uncertainty and the risk associated with bridge component failure. This sec-
tion will present an expert-based assessment process that can guide bridge inspectors
to establish the uncertainty thresholds (Pth and σth) using engineering judgement and
information about the bridge. This process helps bridge inspection planners consider the
current rating of the bridge [44,45] and the risks associated with the bridge condition when
planning inspections. The following paragraphs will explain the steps required to choose
the uncertainty thresholds.

Step 1: Identify damage modes: The assessment process starts by identifying the dam-
age modes that have the highest impact on the bridge component and the inspection time,
and this can be conducted based on the experience of the bridge owners with similar bridge
components and in-service environments. In this paper, the damage mode considered will
be corrosion of reinforced concrete decks. Other damage modes such as fatigue cracking
can be considered depending on the bridge condition.

Step 2: Identify performance factors and consequence factors: To consider the risks
associated with the bridge condition, bridge inspection planners need to identify the
“performance factors” and “consequence factors”. The performance factors represent
the bridge design and construction characteristics that have an impact on the rate of the
damage accumulation. The consequence factors represent the outcomes if the bridge
component failed.

The seven performance factors that were considered in this study are (1) the deck
drainage system and ponding, (2) year of construction and/or replacement maintenance,
(3) protective layer over concrete surface, (4) bridge skewness, (5) average daily truck traffic
(ADTT), (6) subjectivity to overspray of deicing salt or water, and (7) type of reinforcement.
More information about the selected performance factors and how they contribute in the
corrosion damage mode can be found in [5,40]. There are other factors that can impact the
corrosion rate that were not considered in the performance factors because they are already
considered through the deterioration models described in Appendix A. A bridge inspection
planner should not include a factor that was already considered in the deterioration models
or in the bridge rating process [44,45] to avoid overestimating the impact of a single factor
on the decision process by considering it multiple times.

When choosing the uncertainty threshold, the severity of outcomes associated with
bridge component failure should be analyzed. Herein, four consequence factors were
considered: (1) damage to the top of the bridge, (2) features under the bridge, (3) effect
of the damage on the structural capacity, and (4) the availability of alternative routes.
The study will focus on the consequence of bridge deck failure due to corrosion while
considering the four consequence factors. A total of eleven factors were considered in this
paper (seven performance factors and four consequence factors).
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Step 3: Assign initial score based on current bridge condition: To consider the current
bridge condition and previous inspection results, an initial score is assigned to the bridge
based on the NBI [44] or AASHTO element level rating [45] of the bridge component.
This score is calculated using the total number of performance and consequence factors
(P&C factors), as shown in Table 1. Incorporating the NBI [44] or AASHTO [45] rating of
the bridge helps bridge owners in applying the uncertainty-based inspection framework to
existing bridges with archived inspection records or new bridges.

Table 1. Initial score assigned for bridge component based on the rating system and number of
performance and consequence (P&C) factors.

NBI Condition Rating [44] AASHTO Rating System [45] Score Assigned

7 or higher CS1 Number of factors × 10

6 CS2 (Number of factors − 3) × 10

5 or less CS3 or CS4 Considered a low category

A bridge with a rating of 7 or higher will be assigned the maximum initial score,
which in this study will be 110 (the eleven P&C factors multiplied by 10), and for a bridge
with an NBI rating of 6, an initial score of 80 will be assigned. A bridge with an NBI rating
less than or equal to 5 will be directly considered in the low category without continuing
the assessment process. The rationality of this calculation procedure will be explained
further in Steps 4 and 5.

Step 4: Determine P&C factors’ point deductions based on bridge condition: As shown
in Table 2, each of the P&C factors is classified into two or three levels that can help describe
the condition of the bridge, and each level is assigned a specific number of points that will
be deducted accordingly from the initial score.

Table 2. The levels corresponding to each P&C factor, and associated points [5,40].

Performance Factors Levels Corresponding to Each Factor Points Deducted

Deck drainage system
and ponding

Water is allowed to sit on the surface and no drainage system −10

Minor ponding, but drainage system is not maintained −5

No problems noted 0

Year of construction
or replacement
maintenance

More than 40 years old −10

From 40 to 15 years old −5

Less than 15 years old 0

Protective layer over
concrete surface

No or poor sealer −10

Sealer with limited effectiveness −5

Well-maintained sealer 0

Bridge skewness

Skew more than 30◦ −10

From 20–30◦ −5

Less than 20◦ 0

Average daily truck
traffic (ADTT)

High (ADTT > 1000) −10

Moderate (1000 > ADTT > 100) −5

Minor (100 > ADTT > 15) 0

Subjectivity to
overspray

Severe overspray −10

Moderate overspray −5

No overspray 0

Reinforcement type
Not epoxy-coated −10

Epoxy-coated 0
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Table 2. Cont.

Consequence Factors Levels Corresponding to Each Factor Points Deducted

Damage to the top of
the bridge

The bridge carries a high volume of traffic. Damage to the top of the bridge can
cause major traffic delays and accidents. −10

The bridge carries a moderate volume of traffic. Damage to the top of the bridge
can cause moderate delays due to lane closures. −5

The bridge carries a low volume of traffic. Damage to the top of the bridge will not
affect the serviceability of the bridge. 0

Features under
the bridge

Bridge crosses over a highway or a high-volume roadway such that any spalling
will cause major traffic delay, injures, or accidents. −10

Bridge crosses over a moderate volume roadway, a lightly traveled waterway, or a
multi-path railroad. Spalling can cause moderate road delay or minor accidents. −5

Bridge crosses over non-navigable water or unused land. 0

Structural capacity

The structural capacity is highly affected by the deterioration of this bridge
component, and damage can lead to bridge failure. −10

The structural capacity will decrease and load posting or bridge closure might
be required. −5

The structural capacity will be adequate without any effect on serviceability or
performance of the bridge. 0

Alternative routes

There are no alternative routes. Therefore, any bridge closure will be a major
blockage on the bridge network. −10

There are some alternative routes, but still delays will happen. −5

There are many alternative routes the public can use. 0

In this study, the maximum number of points that can be deducted due to a single
factor is 10 and the lowest is 0. Therefore, in Step 3, when we were calculating the
initial maximum score, we multiplied the number of factors by 10, so that when we start
deducting points in Step 5, we are starting at the highest possible score a bridge can achieve
based on its current rating or condition. It should be noted that with a few adjustments,
bridge owners can change the weight of each factor depending on its importance and can
divide the factor into different levels.

Step 5: Deduct points from initial score: As the condition of the bridge worsens and
the outcome of failure becomes more severe, more points are deducted from the initial
score. For example, if a bridge did not have a drainage system and corrosion cracks on
top of the bridge would cause major traffic delays, then according to the information in
Table 2, 20 points will be deducted from the initial score assigned in Step 3. There should
be a limit to the number of factors where a bridge can score a −10 or the number of points
a bridge can lose before dropping to a lower category. Thus, when assigning the initial
score (in Step 3) for a bridge with rating 6, a “3” was subtracted from the number of factors
(see Table 1). This can help guarantee that a bridge losing more than 30 points (since the 3
is multiplied by 10) or, for example, scoring a −10 in more than three factors will not be
considered in the high category. Bridge owners can assign other limits, such as changing
the 3 to 4 or directly considering a bridge in the medium category if the bridge scored −10
in more than four factors.

Step 6: Rank the bridge from high to low and choose uncertainty thresholds: To select
uncertainty thresholds for inspection planning, the scale shown in Figure 2 will be used.
Based on the points deducted from the initial score and the calculated final score, the bridge
will be ranked in one of the three categories (low/medium/high), and accordingly, the val-
ues of the uncertainty threshold Pth and σth will be selected. Simply, if the bridge rank
is low, then low threshold values (σth

low&Pth
low) should be selected.
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There are some recommendations a bridge inspection planner should consider when
using the expert-based assessment procedure or the scale shown in Figure 2:

(1) If the score lands on a cutoff point (e.g., 80), the lower category controls.
(2) The upper bound of the high category should not exceed the maximum initial score

which is equal to the maximum number of points that can be deducted.
(3) The upper bound of the medium category should equal the initial score assigned to a

bridge with an NBI rating of 6. It is risky to choose a high threshold for a bridge that
was rated to be in a moderate condition (NBI rating of 6 or CS2), since high thresholds
will lead to fewer inspections and a longer time interval between inspections.

(4) Bridge inspection planners can divide the scale in Figure 2 into more than three
categories (i.e., low/medium/high) in order to cover a wider range of uncertainty
thresholds and bridge conditions.

(5) An expert panel should be established to calibrate and decide on the values of the
thresholds Pth and σth. The panel should consist of employees with different responsi-
bilities in the agency’s bridge management department. Further explanation on how
to establish starting threshold values (e.g., Plow

th =15% and σlow
th =2.30years) is shown in

the example application.

Finally, once the values of σY and F(t) exceed or equal the chosen σth and Pth, an in-
spection should be considered.

3.3. Choosing Inspection Method

While the inspection time is selected to prevent uncertainty in the bridge condition
from exceeding an acceptable value, the inspection method is selected such that the infor-
mation provided by the inspection can be used to most effectively reduce the uncertainty
in the condition of the bridge element when the inspection is conducted. Selection of the
inspection method is complicated by many factors influencing the effectiveness. One factor
affecting the utility of different inspection techniques is the stage of the bridge’s service
life; depending on the state of deterioration, some techniques may be useless. Accuracy
of the inspection technique is another important factor; the level of uncertainty in the
bridge condition can only be reduced if the inspection results are trustworthy. However,
improving the quality of the inspection technique might lead to higher inspection costs;
therefore, inspection techniques must be strategically decided upon. Nondestructive evalu-
ation (NDE) techniques are a valuable tool for bridge inspection as they can provide data to
quantitatively assess the physical parameters that represent different damage mechanisms
(e.g., cover thickness, chloride content, corrosion rate, and crack width) [10]. These values
can be used to evaluate the bridge condition directly or to develop and improve predictions
of deterioration models.

To select a suitable NDE method, a bridge inspector should start by identifying the
parameters in the deterioration model that can be efficiently measured and for which
updated values improve the model prediction. These parameters can be identified by con-
ducting a sensitivity analysis and finding the parameters that have the highest impact on
the deterioration model prediction [46]. Once parameters to measure have been identified,
there are a variety of resources to help find relevant NDE methods and information about
the methods [10,47]. However, all NDE methods are accompanied with uncertainties in
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measurements and difficulties in implementation onsite [48]. Therefore, quantifying the
accuracy of the inspection technique and incorporating the uncertainty of different inspec-
tion techniques in the selection process is a primary step in the framework, as described in
the following sections.

3.3.1. Accuracy of Inspection Methods and Data Obtained during Inspections

The accuracy of an inspection technique can be expressed as the relation between the
measured defect and the actual defect size [49]. The detected structure defect is usually
subject to inaccuracies and noise during inspection. Herein, the accuracy of an NDE
method will be mathematically formulated using the following linear regression analysis,
Equation (3) [49]:

Y(tIns) = ψ1 + ψ2aM(tIns) + e (3)

where Y(tIns) is the actual defect size at the inspection time tIns, aM(tIns) is the measured
defect during inspection, ψ1 and ψ2 are regression parameters that need to be calibrated
according to the inspection technique (i.e., NDE method), and e is the measurement error
described as a Gaussian random variable with a zero mean and a standard deviation σe
that varies according to the accuracy of the inspection and the geometry of the analyzed
element [49]. Overall, Equation (3) can provide a probabilistic representation of the actual
defect Y(tIns), which will follow a Gaussian distribution with a mean ψ1 + ψ2aM(tIns) and
a standard deviation σe (i.e., Y(tIns)~N(ψ1 + ψ2aM(tIns), σe)) [42]. The higher the accuracy
of an NDE, the lower σe will be, which will provide measurements closer to the actual
deterioration process, providing a higher reduction in the uncertainty and enhancing the
model prediction [39].

3.3.2. Incorporating Inspection Results Using Bayesian Updating

To reduce the uncertainty in the deterioration model prediction, Bayesian updating
can be used to update the prediction model parameters θ by combining the new inspection
data with the prior or existing information [42]. The posterior or updated distributions for
the probabilistic model parameters θ can be estimated using Equation (4) [50]:

P(θ|aM(tIns))=
L(aM(tIns)|θ)P(θ)∫
L(aM(tIns)|θ)P(θ)dθ

(4)

where P(θ|aM(tIns)) is the posterior distribution of a model parameter θ, aM(tIns) is the
measured defect during inspection, L(aM(tIns)|θ) is the likelihood function of measuring
aM(tIns) for a given θ, and P(θ) is the prior distribution of θ. Further, if aDM(tIns) is
the prediction of the deterioration model using θ, then based on the inspection accuracy
represented in Equation (3), the likelihood function can be formulated as Equation (5) [42]:

L(aM(tIns)|θ)=
nIns

∏
i=1

{
φ

[
aDM(tIns)−ψ1−ψ2.aM(tIns)

σe

]}
(5)

If a number of measurements or inspections nIns are conducted using the same tech-
nique, the likelihood function can be updated as the product of the PDF for each inspection
measurement, assuming independence between the measurements.

When the framework is applied for the first time before the TTT for a given bridge,
it is very important to note that until this stage of the proposed framework, an NDE
inspection has not been performed at tIns and the actual inspection results aM(tIns) have
not yet been obtained. Thus, to use Bayesian updating in selecting the suitable inspection
method at tIns, a pre-posterior analysis can be conducted, by (1) assuming different values
of aM(tIns) and different inspection scenarios (i.e., NDE methods); (2) establishing the
posterior values for each different inspection outcome; and (3) updating the information
regarding the condition of the bridge and TTT, according to each assumed or available
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inspection scenario. The standard deviation σTTT and COVTTT will be used to quantify
uncertainty in the estimated TTT and the reduction achieved by the NDE candidates.

Based on the results of the pre-posterior analysis, the candidate NDE methods or
NDE consultants will be compared, and if the inspection cost is not a constraint, then the
candidate that can reduce the uncertainty regarding the TTT the most will be selected.
In practice, the inspection cost will always be a burden, and in some scenarios, the most
accurate inspection method will not be cost-effective compared to other inspection tech-
niques, especially in the short run. However, the bridge inspection planner may find
that an expensive inspection method might be worthwhile if the whole bridge life cycle
is considered, since a more accurate technique will lead to fewer inspections as will be
demonstrated in the application example. If multiple inspection methods satisfy the re-
quired criteria, the bridge inspector can choose the appropriate inspection method after
considering the cost of the inspection and the availability of the inspection technique.

Finally, after performing the actual inspection, the inspection results will be used to
update the model parameters using Bayesian updating, and the posterior values will be
used in the next planning cycle to choose the following inspection time and technique.

4. Example Application of the Framework

In this example, the uncertainty-based inspection framework will be applied on an
existing bridge in Colorado. The example will be divided in two main parts. In the first
part, the bridge is assumed to be relatively new, with just two years of operating history.
To demonstrate the capabilities of the framework, only one deterioration process will be
considered in this part. Then, in the second part of the example, it will be assumed that
the bridge has been operating for more than 15 years and corrosion is active, and two
deterioration mechanisms will be considered in choosing the inspection time: pitting
corrosion depth and crack growth.

4.1. Description of Bridge

E-17-HS is a four-span bridge in Colorado, and according to the information provided
by [21,51,52], the bridge is a two-lane bridge crossing over interstate highway 25 at 160th
Avenue. Figure 3 shows a schematic drawing of the deck cross-section. The thickness
of the concrete slab is 18 cm and the concrete cover over the top slab reinforcement is
30 mm. The deck is supported by four RC beams in the end spans and steel girders in the
intermediate spans. The concrete deck in the end spans is 11.3 m long and 10.40 m wide.
The spacing between the RC girders is 2.65 m and the depth and width of the RC girders
are almost 66 and 40 cm, respectively. This example focuses on corrosion of the top slab
reinforcement, where maximum negative moments will occur due to transverse loads on
the bridge deck.
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4.2. Part 1: Applying the Proposed Framework on a New Bridge

Applying the proposed framework to a new bridge begins in year two of the bridge
service life. At this time, a visual inspection has been conducted to make sure everything is
operating well and according to design. The time to transition (TTT) in Part 1 considers only
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the first corrosion deterioration stage in the RC deck service life and will be expressed as
the time when corrosion initiates in the top reinforcement. Corrosion is assumed to initiate
when the chloride concentration at the rebar level reaches 0.04 g/mm3 [21]. The TTT can
be considered by a bridge inspection planner as the appropriate time to apply a preserving
maintenance (e.g., adding a sealant to the concrete surface) to delay corrosion propagation
and help avoid a late and costly maintenance action (e.g., removing the whole top cover
of the concrete surface). To clearly demonstrate how the framework can be implemented,
the planning process will be represented as a series of tasks the bridge inspection planner
is expected to follow.

4.2.1. Task 1: Year 2, Selecting Suitable Deterioration Model

Deterioration models for corrosion meeting the requirements of Section 3.2.1 have been
selected for Parts 1 and 2 of this example and are detailed in Appendix A. The prediction
model shown in Equation (A1) was selected for Part 1 of the example to predict the
TTT (corrosion initiation time) and to propagate uncertainty in the deterioration process.
This mechanistic model can be updated by measuring some of its parameters onsite using
well-established NDE methods as discussed subsequently. In addition to selecting a model,
appropriate model parameters must be established. The values of the parameters can be
obtained from previous inspections, archived data for similar bridges, or from the available
literature. The values and probabilistic descriptions of the parameters in Equation (A1)
used for this example are summarized in Table 3.

Table 3. Values and probabilistic descriptors of parameters used in Equation (A1).

Variable Notation (Units) Mean COV Distribution References

Cover x (mm) 30 0.2 Lognormal [52]

Surface chloride content C0 (g/mm3) 0.15 0.1 Lognormal [21]

Diffusion coefficient Dc (mm2/year) 26.68 0.1 Lognormal [51]

Critical chloride content Cth (g/mm3) 0.04 0.14 Lognormal [21,53]

4.2.2. Task 2: Year 2, Predicting the TTT and Developing the Two Criteria for Choosing
Next Inspection Time

As mentioned earlier in Section 3.2.2., there are two criteria used in the framework to
select the next inspection time. The first criterion is based on the uncertainty level in the
predicted bridge condition before the TTT and the second is based on the probability of
transitioning to another stage in the bridge service life.

For the first criterion, the deterioration model in Equation (A1) and Monte Carlo
simulation (sample size 100,000) were used to predict the corrosion initiation time (i.e.,
TTT, when chlorides reach 0.040 g/mm3 at the rebar level). Then, to propagate uncertainty
in the condition of the bridge before the TTT, the expected time E(t) required to reach a
specified chloride concentration Cch at the rebar level and the corresponding standard
deviation σY were estimated. PDFs for the corrosion initiation time and time to reach a
certain Cch, ranging from 0.010 g/mm3 to 0.040 g/mm3 with an increment of 0.005 g/mm3,
are shown in Figure 4. The PDFs in Figure 4 show that as the target chloride concentration
and thus the length of simulation increase, there is a greater spread in the distribution,
indicating less certainty in the prediction model results.

From Figure 4, it can be seen that the expected corrosion initiation time µTTT (expected
TTT) and the corresponding standard deviation σTTT are 15.50 and 7.50 years, respectively.
Table 4 shows the E(t) to reach a specified chloride concentration at the rebar level and the
corresponding σY. For example, at a mean time of 9.50 years, the Cch at the rebar level is
anticipated to equal 0.025 g/mm3 and the σY is expected to reach 4.50 years.
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Table 4. Expected time to reach specified chloride concentration at the rebar level and corresponding
standard deviation.

Cch (g/mm3) E[t] (Years) σY (Years)

0.005 4.00 2.00

0.010 5.50 2.50

0.015 6.50 3.50

0.020 8.00 4.00

0.025 9.50 4.50

0.030 11.00 5.00

0.035 13.00 6.00

0.040 = Cth 15.50 = µTTT 7.50 = σTTT

For the second criterion, to calculate the probability of corrosion initiation (i.e., reach-
ing the TTT) at different time periods, the cumulative probability of transition F(t) (i.e.,
lifetime function) was obtained from the conducted Monte Carlo simulation as shown in
Figure 5. For example, according to the F(t), there is almost a 22% chance that the TTT
for the concrete deck will be at year 10 (i.e., 22% probability that corrosion will initiate at
year 10).

According to the obtained cumulative probability of transition F(t) and the calculated
σY, the first bridge inspection tIns,1 should be considered whenever σY or F(t) exceed their
corresponding uncertainty thresholds, σth and Pth, respectively.
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4.2.3. Task 3: Year 2, Determining the Uncertainty Thresholds σth and Pth

To determine the uncertainty thresholds, the expert-based assessment process (de-
scribed in Section 3.2.3.) will be conducted in this section. As discussed earlier, the damage
considered here is corrosion of reinforced concrete decks, and the total number of perfor-
mance and consequence factors (P&C factors) considered is eleven (See Table 2). The bridge
in this part of the example is considered new with an NBI condition rating above 7. There-
fore, based on the scoring system described in Table 1, the initial maximum score of the
E-17-HS bridge deck is 110.

Table 5 shows the points that will be deducted from the initial maximum score based
on the information available on the bridge E-17-HS in [21,51,52], the levels and description
of each performance and consequence factor provided in Table 2, and rational assumptions.

According to the points assigned in Table 5, the total number of points that will be
deducted from the score of 110 is 45 points, resulting in a final score equal to 65. According
to the scale shown in Figure 2, the concrete deck will be considered in the medium category
and medium uncertainty thresholds should be used. This shows that although the bridge
had a rating above 7 and is new, it still was not considered in the high category due to the
factors that can affect its performance and the risks of the failure outcomes.

If the uncertainty-based inspection framework had been used in the past, the agency
could use or perhaps update existing threshold values. In this case, since it is assumed that
this is the first time implementing the uncertainty-based inspection framework, the agency
will need to establish threshold values to assign to each inspection category. Threshold
values used for this example to represent low, medium, and high uncertainty thresholds
will be those shown in Table 6. It should be noted that these values are not fixed and can be
changed. Moreover, the number of categories can be increased as discussed earlier, but here,
only three categories are used for simplicity (low/medium/high). The threshold values
shown in Table 6 are only for demonstration purposes, and when choosing the values,
the aim was to: (1) show that the two criteria can yield different inspection times, (2) avoid
having a threshold in a lower category yielding an inspection time after any threshold in the
better category, for example, if Pth was 25% in the low category, it would have required an
inspection (i.e., around year 10.5) after the inspection time required by the σth = 0.5σTTT (i.e.,
at year 8) in the medium category, and (3) avoid performing inspections after the expected
TTT, for example, the σth was considered as a fraction from the σTTT = 7.5years, and this will
help assure that when σY exceeds σth (i.e., an inspection should be considered), its value
will still be less than σTTT and inspections will be conducted before the TTT. Based on
these concepts and others, agencies can calibrate their inspection thresholds to provide
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inspection intervals that satisfy expert judgement and guarantee the safety of the bridge,
and once the thresholds are set, they can be used on many bridges.

Table 5. Points that will be deducted from initial score based on the P&C factors.

Performance Factors E-17-HS Condition Points Deducted

Deck drainage system
and ponding The deck does not have a drainage system −10

Year of construction or
replacement maintenance Bridge is assumed new and has been operating for two years only 0

Protective layer over
concrete surface The deck has an asphalt overlay but with limited effectiveness −5

Bridge skewness The bridge is not skew 0

Average daily truck
traffic (ADTT) This bridge only has an average of 5 heavy trucks per day 0

Subjectivity to overspray The bridge crosses over a roadway exposed to deicing salts and has a clearance
of 5 m which makes it subject to moderate overspray −5

Reinforcement type Uncoated carbon steel bars −10

Consequence Factors E-17-HS Condition Points Deducted

Damage to the top of
the bridge

Bridge E-17-HS has a moderate average daily traffic ranging from
600 to 1000 vehicles per day and any damage to the top of the bridge or closing

the bridge for long durations of maintenance can cause moderate delays
−5

Features under the bridge
The bridge crosses over a highway (Interstate-25) and any spalling of

concrete due to corrosion could cause major traffic delays and may cause
accidents or injuries

−10

Structural capacity
The initiation of corrosion will have almost no effect on the capacity of the

steel rebars, structural safety, or serviceability since cracking has not yet
started and the area of the steel rebars has not been affected due to corrosion

0

Alternative routes There are two main alternative routes that the public can use if the bridge
was closed, in order to avoid public delays as much as possible 0

Table 6. Values of uncertainty thresholds to be embedded from Figure 2’s scale.

Uncertainty Thresholds σth Pth

Low 0.3σTTT = 2.30 years 15%

Medium 0.5σTTT = 3.75 years 30%

High 0.7σTTT = 5.25 years 40%

In short, a bridge inspection should be considered when σY and F(t) exceed or equal
3.75 years or 30%, respectively. According to the first uncertainty threshold σth and the
values of σY at different times in Table 4, the first NDE bridge inspection tσIns,1 should be
considered at year 8 (i.e., 6 years from year 2), when the σY will equal 4 years, exceeding the
3.75 years threshold (i.e., σY>σth). Based on the second criterion or threshold Pth and the
obtained cumulative probability of transition in Figure 5, the value of F(t) will exceed 30%
at almost year 11 (i.e., tP

Ins,1 = 11 years). Thus, based on the proposed procedure, the first
NDE inspection tIns,1 will be conducted at year 8 (i.e., tIns,1 is the minimum of both tσIns,1
and tP

Ins,1).

4.2.4. Task 4: Choosing NDE Inspection Method for tIns,1 = 8 years

The deterioration model in Equation (A1) can be updated by measuring the surface
chloride content C0 and/or the concrete cover using NDE methods such as the chloride
ion penetration test (CIP) or a cover meter (CM), respectively [54] (the most informative
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approach would be to measure the chloride concentration at the rebar level, but this would
involve a destructive core test). Equation (3) will be used to analyze the effect of the
NDE accuracy on reducing the uncertainty in the predicted TTT, where aM represents the
measured surface chloride concentration or concrete cover, and Y(tIns) is the real value
of the parameters at the time of inspection which is represented as a Gaussian random
variable. Agencies may conduct their own nondestructive tests, and in this example, it is
assumed that five NDE consultants have offered their services, as shown in Table 7, to the
bridge agency. The bridge inspection planner is required to select one of these consultants
to conduct the inspection using the proposed framework. All five consultants will use
a CIP test with different accuracies and only consultant 5 will also use a CM during the
inspection at year 8 to make sure the cover is adequate. The concrete cover was added to
the inspection options to analyze its effect on the model prediction and to see the effect of
measuring more than one parameter on the uncertainty level.

Table 7. Accuracy details of NDE methods proposed by of the five different consultants.

Consultants and NDE
Methods Used

Description of Inspection Quality
Y(8yrs)~N(ψ1 + ψ2aM(8yrs),σe)

ψ1 ψ2 σe

Consultant 1: CIP Unbiased, with accuracy ±10% out of the measured C0 0 1 0.1aM

Consultant 2: CIP Unbiased, with accuracy ±25% out of the measured C0 0 1 0.25aM

Consultant 3: CIP Biased (real value will be higher than measurement),
with accuracy ±10% out of the measured C0

0 1.2 0.1aM

Consultant 4: CIP Biased (real value will be lower than measurement),
with accuracy ±10% out of the measured C0

0 0.8 0.1aM

Consultant 5:
CIP Unbiased, with accuracy ±25% out of the measured C0 0 1 0.25aM

CM Unbiased, with accuracy ±15% out of the measured
concrete cover. 0 1 0.15aCover

M

Table 7 shows the difference in the accuracy of the consultants and which consultants
are expected to have biased results and require calibration. For example, for consultant 1,
it is assumed that the inspection will be unbiased and have an accuracy of ±10% (i.e.,
σe = 0.1aM) out of the measured C0, compared to the NDE inspections conducted by
consultants 3 and 4, where biased results are expected (i.e., calibrated using the regression
line slope ψ2). Information about the accuracies of the CIP test and the cover meter can be
found in [42,48].

Since only a visual inspection has been completed at this point, to choose the appro-
priate consultant and to conduct a pre-posterior analysis, it is assumed that the measured
concrete cover will be 30 mm, the same as the prior (i.e., aCover

M
= 30 mm), while the mea-

sured C0 will be 0.3 g/mm3 (i.e., aM = 0.3 g/mm3), which is double the prior assumed
value used to begin predictions (see Table 3). This higher C0 value was rationally assumed
because at year 8, the bridge would have been exposed to several deicing cycles and traffic
splashes from the highway under the bridge, increasing the C0 while not having an efficient
drainage system. As the C0 increases, the corrosion rate increases and the TTT decreases,
meaning there may be less time for preventative maintenance. Further, this will be the
first inspection based on the deterioration model before model accuracy in representing
the real bridge condition has been verified. Assuming the condition will be worse than
expected is a conservative approach. These assumed values could also be obtained either
from prediction models that predict the future values of this specific parameter or from
inspection reports of bridges that have similar properties. Using the parameters for ψ1, ψ2,
and σe, the probabilistic values of Y were established as shown in Table 8, based on the
accuracy of each consultant and the assumed inspection results. These values will be used
as the likelihood function in the Bayesian updating process.
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Table 8. Likelihood functions obtained based on assumed inspection values and consultants’ accuracy.

Consultants Y(tInsp)~N(ψ1 + ψ2aM(tInsp),σe).

Consultant 1: CIP Y(8 yrs)~N(0.3 g/mm3,0.03 g/mm3).

Consultant 2: CIP Y(8 yrs)~N(0.3 g/mm3,0.075 g/mm3).

Consultant 3: CIP Y(8 yrs)~N(0.36 g/mm3, 0.03 g/mm3).

Consultant 4: CIP Y(8 yrs)~N(0.24 g/mm3, 0.03 g/mm3).

Consultant 5:
CIP Y(8 yrs)~N(0.3 g/mm3, 0.075 g/mm3).

CM Y(8 yrs)~N(30 mm,4.5 mm).

Table 9 summarizes the results of the pre-posterior analysis and the calculated pos-
terior values (i.e., the mean µP and standard deviation σP) for the C0 and concrete cover
associated with the accuracy of each NDE consultant. The posterior values were used as
the new inputs for the deterioration model Equation (A1) to obtain the expected TTT and
reduction in the uncertainty level (i.e., σTTT and COVTTT) associated with each consultant.

Table 9. Pre-posterior analysis for choosing inspection method and corresponding expected time to transition (TTT).

Consultants

Posterior Values of Measured
Parameters µTTT (Years) σTTT (Years) COVTTT

µP σP

Consultant 1 (Unbiased—accuracy 10%) 0.181 g/mm3 0.0134 g/mm3 12.50 5.00 40%

Consultant 2 (Unbiased—accuracy 25%) 0.156 g/mm3 0.0147 g/mm3 14.50 6.50 45%

Consultant 3 (Biased—accuracy 10%) 0.192 g/mm3 0.0134 g/mm3 11.50 5.00 43%

Consultant 4 (Biased—accuracy 10%) 0.168 g/mm3 0.0134 g/mm3 13.50 6.00 44%

Consultant 5
(Unbiased—accuracy 25%)

C0: 0.156 g/mm3 0.0147 g/mm3
14.00 4.50 32%

Cover: 30 mm 3.6 mm

In the prior prediction of the TTT, σTTT was 7.50 years and the COVTTT was around
48%; both values express the uncertainty in the first prediction. Based on the accuracy of
the NDE consultants and the assumed inspection measurements aM, it can be seen that
updating the deterioration model using an NDE inspection can reduce the uncertainty in
the model prediction. However, the reduction in some of the cases was smaller compared to
other consultants and prior predictions. For example, due to the low accuracy of consultant
2 (i.e., ±25%), the reduction in the σTTT was only 1 year and there was a 3% reduction in
COVTTT (compared to the prior), whereas when consultant 1 was considered (accuracy
±10%), the reduction in the σTTT was 2.50 years and the COVTTT decreased by 8%.

The maximum reduction in uncertainty will be achieved by hiring consultant 5, where
the σTTT and the COVTTT compared with the prior will be reduced by 3 years and 16%,
respectively. Although the accuracy of the CIP method conducted by consultant 5 was lower
than consultant 1, which had the highest CIP accuracy, the reduction in the uncertainty was
greater. This shows the importance of updating the concrete cover and how sensitive the
model prediction is to the cover parameter, which agrees with the findings of [12]. It should
be noted that if the accuracy of the CIP test of consultant 5 was similar to consultant 1,
the predicted TTT will have a µTTT and σTTT of 12 and 3.50 years, with a COVTTT of 29%,
which means even more improvement in the uncertainty reduction (i.e., COVTTT reduced
by 19% compared to the prior). Moreover, as shown in Table 9, a low accuracy inspection
(i.e., consultant 2) or a biased inspection such as with consultants 3 and 4 can misguide
a bridge inspector and lead to inaccurate decisions regarding the TTT and appropriate
time of repair. Thus, bridge inspection planners should give attention to the quality and
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accuracy of the NDE method. However, as the quality of the inspection increases, the cost
of inspection will increase.

In some cases, enhancing the quality of the inspection by using a more accurate NDE or
combining more than one NDE method can enhance the value of the inspection and reduce
uncertainty regarding the TTT and repair time, which, as a result, can help in avoiding
unnecessary repairs or expensive delayed repair activities, outweighing the increase in the
inspection cost. Based on the information provided by [55], conducting an NDE inspection
with a CIP test on a similar bridge to the E-17-HS will cost USD 8400. This inspection cost
includes the cost of personnel, the maintenance of traffic, the snooper, laboratory analysis,
and the CIP test. Hence, adding a cover meter (i.e., difference between consultant 1 and 5)
to the inspection process can increase the cost of the inspection by a range of USD 500–USD
1500 [48,56]. In practice, a bridge inspection planner should consider both the reduction
in uncertainty and the cost of inspection when choosing the inspection method, and this
reduction in uncertainty regarding the TTT will either help in improving the maintenance
decision process or it will not. Finally, based on the above analysis, it is assumed that
consultant 5 will be hired by the agency to conduct the inspection at year 8.

4.2.5. Task 5: Year 8, Incorporating Inspection Data in the Planning Process to Predict the
Updated TTT and Choose the Following Inspection Time

To show how the collected inspection data impact the inspection planning process,
four different inspection scenarios are assumed as the outcomes of the first NDE inspection
conducted at year 8. The analyses for each scenario are shown in Table 10, indicating how
the inspection outcome can change the decision regarding the next inspection time and TTT.
In scenario 1, it was assumed that the average values of the measured C0 and cover are
similar to the prior values illustrated in Table 3 (i.e., C0 = 0.15 g/mm3andcover = 30 mm);
however, the standard deviations were different due to the accuracy of the NDE test
conducted by consultant 5 (see Table 7). In scenario 2, it was assumed that the surface
chloride concentration will be higher (i.e., C0 = 0.4 g/mm3) than the prior and the concrete
cover (Cover = 28 mm) will be lower, leading to a faster rate of corrosion and a shorter TTT.
On the other hand, in the third scenario, a slower corrosion rate was assumed with a lower
surface chloride concentration (C0 = 0.13 g/mm3) than the prior and a larger concrete
cover (Cover = 32 mm). In the last scenario, it was assumed that the concrete cover test
failed, and no data were collected, but the measured surface chloride concentration was
similar to the prior.

Bayesian updating was performed considering the new values measured during
inspection as the likelihood (Table 10, column 2) and the parameter values stated in Table 3
as the prior. Then, the new posterior values shown in Table 10 (column 3) were obtained and
used in the prediction model to find the new TTT and the corresponding inspection time
using uncertainty propagation and lifetime functions (see Figure 6), similar to Section 4.2.2.
According to scenario 1, the TTT is expected to be at year 14.50, which is 1 year earlier
than the prior prediction (i.e., prior TTT = 15.50 years). When a faster corrosion rate was
considered as in scenario 2, the TTT was expected to happen earlier at year 12.50, which is
opposite to scenario 3, where the TTT was expected to be delayed by 2 years. Based on
the inspection outcome, the TTT predicted and the associated uncertainty can change
significantly, affecting the decision of the bridge inspector regarding the appropriate time
and method of intervening or conducting a repair. For example, if maintenance is to be
considered at TTT, based on the prior prediction, a preserving maintenance to reduce the
corrosion rate could be conducted at year 15.50, but if the inspection outcome was similar
to the one in scenario 2, this intervention should be done earlier at year 12.50.
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Table 10. Statistical descriptors of the bridge condition and TTT based on the assumed inspection scenarios and poste-
rior values.

Inspection
Scenario

Value of Measured
Parameters (Likelihood)

Posterior Value of
Measured Parameters Cch (g/mm3) E[t] (Years) σY (Years)

Scenario (1): (Same
C0 and higher cover)

C0~(0.15 g/mm3, 0.0375 g/mm3)
Cover~(30 mm, 4.5mm)

C0~(0.15 g/mm3, 0.014 g/mm3)
Cover~(30 mm, 3.6 mm)

0.025 9.50 3.00

0.030 11.00 3.50

0.035 12.50 4.00

0.040 (Cth) 14.50 = µTTT 5.00 = σTTT

Scenario (2): (Higher
C0 and

smaller cover)

C0~(0.40 g/mm3, 0.1 g/mm3)
Cover~(28 mm, 4.2 mm)

C0~(0.160 g/mm3, 0.0148 g/mm3)
Cover~(28.7 mm, 3.45 mm)

0.025 8.50 2.50

0.030 9.50 3.50

0.035 11.00 4.00

0.040 (Cth) 12.50 = µTTT 4.50 = σTTT

Scenario (3):
(Smaller C0 and

higher cover)

C0~(0.13 g/mm3, 0.013 g/mm3)
Cover~(32 mm, 4.8 mm)

C0~(0.1385 g/mm3, 0.010 g/mm3)
Cover~(31.22 mm, 3.74 mm)

0.025 11.00 3.50

0.030 14.00 4.00

0.035 15.50 4.50

0.040 (Cth) 17.50 = µTTT 6.00 = σTTT

Scenario (4):
(Smaller C0) C0~(0.15 g/mm3, 0.0375 g/mm3) C0~(0.15 g/mm3, 0.014 g/mm3)

0.025 9.50 4.00

0.030 11.50 5.50

0.035 13.50 6.00

0.040 (Cth) 15.00 = µTTT 7.00 = σTTT
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Before choosing the next inspection time, tIns,2, a bridge inspection planner should
perform the expert-based assessment procedure and decide on the uncertainty thresholds,
since the condition and risks surrounding the bridge could have changed. However, if the
same uncertainty thresholds were used in this stage (i.e., σth=3.75years and Pth = 30%),
according to scenario 1, the second NDE inspection tIns,2 is to be considered at year 12.50 or
12.00, where σY and F(t) exceed 3.75 years and 30%, respectively (see Table 10 and Figure 6).
Hence, based on the minimum criteria adapted (i.e., the inspection tIns,2 is the minimum of
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both tσIns,2 and tP
Ins,2), the second inspection should be at tIns,2 = 12.00yearrs. With a similar

approach considering scenarios 2 and 3, the next inspection tIns,2 should be conducted
at years 10.00 (tP

Ins,2 = 10years) and 14.00 (tσIns,2 = 14years), respectively. This shows the
value of the inspection outcome and how it can impact the next inspection time. Bridges
where deterioration is happening as predicted, or more slowly, will be able to have longer
stretches between inspections, while bridges that are showing faster deterioration will be
inspected more frequently.

As mentioned earlier, in some cases, improving the inspection quality or combining
more the one NDE method can help in reducing the uncertainty level regarding the TTT
and corresponding repair time. In this context, the reason for assuming that scenario 4
happened during inspection is to show that improving the inspection quality, for example,
by combining two NDE methods, can also help in reducing the number of inspections and
total inspection cost during the life cycle of the bridge. When the cover meter was used
as in scenario 1, this reduced the uncertainty, leading to a second inspection at year 12.00,
which is almost 4.00 years from the last inspection at year 8 and about 2.5 years from the
TTT when a maintenance can be considered. Meanwhile, in scenario 4, failing to measure
the cover led to a very small reduction in uncertainty, which, according to the uncertainty
thresholds, will require the bridge inspector to conduct an inspection at year 9.50, which
is only 1.50 years from the last inspection. Although the inspection conducted with the
cover meter will be more expensive, having a small gap between inspections and a small
reduction in uncertainty can lead to more inspections, increasing the total inspection cost.

4.3. Part 2: Applying the Proposed Framework on an Existing Bridge

This part of the example moves forward in time and demonstrates how the uncertainty-
based inspection framework can be applied on a bridge that has been operating for many
years, where corrosion is already active, and the bridge is in the corrosion propagation
stage. This part of the example also shows how the framework allows for consideration of
more than one deterioration process at the same time. It is assumed that the bridge has
been operating for 16 years, and the last visual inspection conducted at year 16 spotted hair
cracks and rust stains on the concrete surface, indicating that corrosion is already active
in the concrete substrate of the E-17-HS bridge and the bridge has entered the corrosion
propagation stage. Thus, the proposed framework will be applied to choose the appropriate
inspection time and methods after year 16.

To show how this framework can plan for inspections while considering more than
one deterioration process at the same time, in this part of the example and stage of the
bridge service life, two primary deterioration mechanisms or limit states will be considered
simultaneously, pitting corrosion of the steel reinforcement and cracking of the concrete
cover due to corrosion. The average diameter of the transverse reinforcement in the E-
17-HS bridge deck is 16 mm [52], and accordingly, the allowable pitting corrosion depth
(PCD) (i.e., limit state 1) is 4 mm [13]. Previous work also showed that concrete cracks
tend to connect, causing longitudinal cracking and spalling at crack widths between
0.3 and 0.5 mm [57], whereas concrete cracks larger than 0.8 mm can have a significant
impact on the serviceability of a bridge deck [58]. As such, a crack width limit of 0.6 mm
will be assumed to represent severe cracking (i.e., limit state 2). After reaching either of the
limit states, a repair activity should be considered by the agency.

Based on the above discussion, in this part of the example, the TTT will be the expected
time to reach a pitting corrosion depth of 4 mm (TTTPCD) or the time to reach a crack width
of 0.6 mm (TTTCr). The mechanistic models in Equation (A2) and Equation (A3) will be
used to predict the TTTPCD and TTTCr, respectively. The random variables that will be
used in both equations are defined in Table 11.
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Table 11. Values and probabilistic descriptors of parameters used in Equations (A2) and (A3).

Variable Notation (Units) Mean COV Distribution References

Concrete cover X (mm) 30 0.2 Lognormal [52]

Rate of corrosion rcorr (mm/year) 0.065 0.3 Lognormal [21]

Corrosion current density icorr (µA/cm2) 1.2 0.3 Lognormal [59,60]

Limiting crack width wlim 0.6 mm – – [58]

Water cement ratio wc 0.5 0.1 Normal [61]

Ratio between the maximum pit depth to
the mean pit depth V 5 0.1 Normal [62]

Corrosion initiation time TCI (years) 14 0.15 Lognormal Assumed

Time to reach a hair crack of size 0.05 mm t1st (years) TCI + 2yrs – – [63,64]

4.3.1. Year 16, Choosing Next Inspection Time Considering Pitting Corrosion and
Surface Cracking

Monte Carlo simulation and Equations (A2) and (A3) were used to predict both
expected times to transition, µTTTPCD

and µTTTCr
, and the corresponding σTTTPCD and σTTTCr ,

respectively. Then, to choose the next inspection time based on the first uncertainty criterion
(i.e., σY≥σth), the expected time to reach a certain pitting depth (E[t]PCD) before reaching
the maximum pitting corrosion depth (TTTPCD) and corresponding standard deviation
(σY,PCD) were predicated, as shown in Table 12. Further, the expected time to reach certain
crack sizes (E[t]Cr) before reaching the maximum allowable crack size and corresponding
standard deviation (σY,Cr) were obtained, as shown in Table 13.

Table 12. The expected time E[t]PCD to reach a certain pitting corrosion depth (PCD) and the
corresponding σY,PCD.

PCD (mm) E[t]PCD (Years) σY,PCD (Years)

1.00 18.50 2.00

1.50 20.00 2.50

2.00 21.50 3.00

2.50 23.00 3.50

3.00 25.50 4.00

3.50 26.50 5.00

4.00 (Limit state 1) 28.50 (TTTPCD) 6.50 (σTTTPCD )

Table 13. The expected time E[t]Cr to reach a certain crack length and the corresponding σY,Cr.

Crack Width (mm) E[t]Cr (Years) σY,Cr (Years)

0.30 ** 22.00 2.50

0.35 23.50 3.00

0.40 24.00 3.50

0.45 25.00 4.00

0.50 25.50 4.50

0.55 27.00 5.50

0.60 (Limit state 2) 28.00(TTTCr) 6.00 (σTTTCr )
** The propagation started with 0.3 mm because this is the minimum limit of the model [61].
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Further, the cumulative probability of transition lifetime function for both limit states
have been obtained and are illustrated in Figure 7, in order to help in choosing the next
inspection time based on the second criterion (i.e., F(t)≥Pth). As shown in Table 12,
the expected TTTPCD (i.e., time to reach a 4 mm depth of pitting corrosion in the steel
rebar diameter) will be at µTTTPCD

= 28.50 years, with a σTTTPCD= 6.50 years. Meanwhile,
as shown in Table 13, the expected TTTCr (i.e., time for surface cracks to reach a maximum
width of 0.6 mm) will be at µTTTCr

= 28.00 years, with a σTTTCr = 6.00 years. Further, a bridge
inspection should be considered once σY,PCD or σY,Cr exceed the uncertainty threshold σth,
or when the cumulative probability of transition F(t) for pitting corrosion or crack length
exceeds the second criterion threshold Pth—whichever happens first.
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4.3.2. Year 16, Determining the Uncertainty Thresholds σth and Pth

The expert-based assessment process to choose the uncertainty thresholds should
be conducted as demonstrated in Section 3.2.3. It should be noted that in this example,
the decision process for choosing the thresholds for both deterioration mechanisms (pitting
corrosion and surface cracking) can be the same since the damage modes considered are
both due to corrosion. Alternatively, if a different deterioration mechanism (other than
corrosion) or bridge component (other than the bridge deck) was considered such as fatigue
cracking for steel elements, then another decision process has to be conducted with factors
and considerations relevant to fatigue as a deterioration process.

The bridge in this part of the example has been operating for 16 years now and
corrosion is already active with signs of hair cracks and stains. Accordingly, it was assumed
that the bridge NBI rating dropped to 6 with an initial maximum score equal to 80 (see
Table 1). Table 14 shows the points that will be deducted from the initial score based on the
new conditions of the bridge after 16 years and assuming that ADTT has increased over
the years and cracks and pitting corrosion will affect the deck capacity.
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Table 14. Points that will be deducted based on the P&C factors.

Performance Factors E-17-HS Condition Points Deducted

Deck drainage system
and ponding The deck does not have a drainage system −10

Year of onstruction or
replacement maintenance Bridge has been operating for more than 15 years now −5

Protective layer over
concrete surface The deck has an asphalt overlay but with limited effectiveness −5

Bridge skewness The bridge is not skew 0

Average daily truck
traffic (ADTT) The ADTT has increased to a moderate level −5

Subjectivity to overspray The bridge crosses over a roadway exposed to deicing salts and has a clearance
of 5 m which makes it subject to moderate overspray −5

Reinforcement type Uncoated carbon steel bars −10

Consequence Factors E-17-HS Condition Points Deducted

Damage to the top of
the bridge

Bridge E-17-HS has a moderate average daily traffic ranging from
600 to 1000 vehicles per day and any damage to the top of the bridge or closing

the bridge for long durations of maintenance can cause moderate delays
−5

Features under the bridge
The bridge crosses over a highway (Interstate-25) and any spalling of concrete

due to corrosion could cause major traffic delays and may cause
accidents or injuries

−10

Structural capacity Pitting corrosion and cracking will affect the capacity of the steel reinforcement
and the concrete deck −5

Alternative routes There are two main alternative routes that the public can use if the bridge was
closed, to avoid public delays as much as possible 0

According to Table 14, 60 points will be deducted from the initial score, leading to
a final score equal to 20, putting the bridge in the low category (see Figure 2). Table 6
will be used to calculate the new threshold values that can be implemented in the scale
shown in Figure 2. Accordingly, Pth will equal 15% and since σTTTCr = 6 years, which is
smaller than σTTTPCD = 6.5 years, then σth will equal 0.3σTTTCr , which is almost 2 years.
Based on Tables 12 and 13 and the uncertainty threshold for the first criterion (σth = 2 years),
inspection should be considered at years 18.5 and 22 (tσ,TTTPCD

Ins,1 = 18.5 yrs, tσ,TTTCr
Ins,1 = 22 yrs).

Meanwhile, based on the second criterion and Figure 7, inspection should be considered
around the years 24 and 24.5 (tP,TTTPCD

Ins,1 = 24 yrs, tP,TTTCr
Ins,1 = 24.5 yrs). According to the

minimum criteria used in the framework, an inspection should be performed at year 18.5,
which is the smallest of all four inspection times and is 2.5 years from the last visual
inspection at year 16.

At this stage of the bridge service life, to update both deterioration models
(Equations (A2) and (A3)), along with the concrete cover, the corrosion current density
icorr or the rate of corrosion rcorr (rcorr = icorr×V×0.0115 [59]) can be evaluated onsite using
a linear polarization test (LPR) [65] at the time of inspection. If various consultants offered
their services, the bridge inspection planner can choose between them after conducting
the pre-posterior analysis considering the accuracy of each consultant. In Part 2 of the
example, it is assumed that until now, only visual inspections have been conducted in the
service life of the bridge and no records are available regarding the corrosion rate. Thus,
for conducting the pre-posterior analysis and to choose the appropriate NDE method or
consultant, the inspection outcome (value of the corrosion rate at year 18.5) needs to be
estimated. However, unlike the surface chloride concentration in Part 1, the icorr and rcorr
at year 18.5 can be estimated using the prediction model stated by [19], which predicts how
the corrosion rate will change with time.
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Finally, after choosing the inspection time (year 18.5) and the inspection method,
the final step is to conduct the inspection and use the inspection results to update the
deterioration models using the Bayesian theorem.

5. Discussion

As shown in Part 1 of the example (the case of a new bridge), the proposed framework
allowed for conducting only three inspections in an almost 12-year period following
construction (i.e., one visual inspection and two NDE inspections). Meanwhile, if the
currently used standard bridge inspection program [2] was adopted, six visual routine
inspections would have been required in those 12 years based on a two-year fixed inspection
interval. Furthermore, it is likely that some of these routine inspections would have been
followed by in-depth inspections due to the limitations of visual evaluation. Nasrollahi
and Washer [41] found that for bridge superstructures in good condition, the two-year
inspection cycle can be short and result in unnecessary inspections, and that scheduling
inspections based on the bridge condition can result in reducing the number of inspections
as was demonstrated herein. Further, using only expert opinion, Washer, et al. [66] verified
that inspection intervals for bridges with an NBI rating of 7 or higher can be 4 to 6 years.
Similarly, after applying the proposed framework and using both expert opinion and
quantitative methods in Part 1 of the example, it was found that for a bridge deck in a new
condition, the inspection can be conducted at year 8, which would be 6 years after the first
routine visual inspection conducted at year 2. In addition to what was presented by [66]
and [41], we provided an approach to choose the suitable inspection technique that can
effectively evaluate the bridge condition.

Maintenance decisions depend mainly on inspection results and quality. In the applica-
tion of the proposed framework, it was found that conducting a high-quality nondestructive
inspection after only 8 years from the bridge construction can reduce the uncertainty re-
garding the timing of the bridge repair by 16% as well as reducing the number of future
inspections. Soliman, et al. [67] also concluded that a limited number of high-quality
inspections can prevent damage detection delay and reduce the number of inspections.
Kim and Frangopol [17] found that replacing visual inspections with high-quality NDE
early in the bridge deck service life can be cost-effective and help avoid redundant or
delayed maintenance actions and bridge failure. However, the quality of the inspection
in [17,67] was defined using the probability of detection which, for some NDE techniques,
can be difficult or expensive to obtain. Thus, in our method, we defined the quality of
inspection by its accuracy and ability to reduce uncertainty regarding the bridge condition.

Kim, Ge and Frangopol [25] recommended the use of Bayesian updating to incorpo-
rate inspection findings in the inspection planning process and update prediction model
parameters. They found that inspection data can lead to better scheduling of future in-
spections and repairs which can help in allocating resources efficiently and prioritizing
bridges that are in more need of maintenance actions than others. After analyzing different
inspection scenarios herein, we found that inspection results can have a significant effect
on the bridge management process and can lead to rescheduling interventions. We also
found that incorporating inspection results can help in reducing the number of inspections
as a result of reducing uncertainty regarding the timing of the bridge repair and the need
to conduct more inspections.

Considering more than one bridge component or deterioration during the planning
process was one of the main purposes of this study. Soliman, Frangopol and Kim [23]
considered more than one fatigue-sensitive detail in their inspection planning process.
However, a single deterioration model able to predict the fatigue crack propagation was
used for all details. Hence, using a new approach in Part 2 of our example (existing bridge
case), we included two different deterioration models simultaneously in the inspection
planning process. This explains how the proposed framework can help bridge owners
consider more than one deterioration process or bridge component during the inspection
planning process.
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Liu and Frangopol [35] commented on how the attitude of bridge owners towards
risk and bridge maintenance can have an effect on the inspection time and method and
can impact the value of inspection information. In our study, expert judgement was used
to choose the uncertainty thresholds. Based on the bridge owners’ attitude towards risk
and the consequence of a bridge failure, inspection schedules were established. Liu and
Frangopol [35] found that bridge managers with a risk-averse attitude preferred conducting
inspections earlier in the bridge service life. On this basis, due to the flexibility of the
proposed framework, bridge owners with a more risk-averse attitude can choose smaller
uncertainty thresholds, leading to more frequent and earlier inspections even if the bridge
was new and deterioration was predicted to be in the early stages.

Further, Kim, Frangopol and Soliman [13] indicated that including the consequence
of a failure in the inspection planning process can affect the inspection schedule and
representing the failure outcome using a high failure cost can lead to more inspections.
However, their concern was that putting a monetary value on bridge failure can lead to
inaccuracies in the decision process. Thus, in the presented uncertainty-based inspection
framework, the consequence of a failure is considered using expert judgement. We found
that considering the consequence of a failure when choosing the uncertainty thresholds
can reduce inspection intervals for a new bridge due to the risks associated with the bridge
failure or delayed maintenance. This can increase number of inspections but will help in
maintaining a safe and reliable transportation system.

Overall, the framework presented in this paper builds on the work other researchers
have provided in the field of bridge inspection planning. The framework presents a new
and practical approach for inspection planning that simply ties different approaches to-
gether into one comprehensive framework able to enhance the bridge management process.

6. Conclusions and Future Research

A new approach for bridge inspection planning was presented in this paper to
help bridge owners determine the bridge inspection time and method by incorporat-
ing information from deterioration models, NDE inspection data, and expert judgement.
The uncertainty-based inspection framework was developed with the objective to en-
hance the inspection efficiency, reduce uncertainty regarding the bridge maintenance time,
and help bridge inspectors choose the inspection method that is appropriate for the stage of
the bridge’s life. In the proposed framework, inspections are considered as means to reduce
the uncertainty regarding the bridge condition and update prediction models that can
predict future bridge performance. Two criteria are used to schedule inspections, the stan-
dard deviation associated with bridge condition before reaching the time to transition
(TTT) and the probability to reach the TTT. The approach was applied on an RC bridge
in Colorado exposed to corrosion deterioration. Based on the analysis conducted in this
study, the following conclusions can be drawn:

1. One of the main contributions of this study is to help bridge owners avoid delayed
or unnecessary inspections. In the example, during a 12-year period, the proposed
framework helped in reducing the number of inspections by 50% compared to the
traditional uniform calendar-based approach while combining both routine visual
inspections and in-depth inspections into a single inspection. Using the proposed
uncertainty quantification methods to schedule inspections and conducting inspec-
tions only to reduce uncertainty regarding the bridge condition can help in utilizing
inspection resources more efficiently.

2. The framework provides a clear guide on how to select the appropriate inspection
procedure using Bayesian and regression analysis while considering the bridge dete-
rioration stage, model parameters that need to be updated, and inspection accuracy.
As shown in the example, inspection methods are selected based on their ability to
reduce the uncertainty regarding the transition in the bridge deck condition and repair
time. This can help in improving the value of the data gathered during inspections
and hence improve maintenance decisions.
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3. The analysis conducted in this study showed that improving the inspection accuracy
can not only help in reducing the uncertainty regarding the bridge condition but can
also help in reducing the number of inspections. Different inspection scenarios were
compared, and it was found that when the concrete cover was not updated and the
chloride content was measured by a relatively low accuracy, more inspections were
required in the near future to reduce the uncertainty level.

4. Most of the presented inspection planning frameworks in the literature are limited to
new bridges or a single deterioration mechanism. In Part 2 of the example, the frame-
work was demonstrated on an existing bridge, and pitting corrosion of the steel
reinforcement and concrete cover cracks were both considered simultaneously during
the inspection planning process. This shows how the framework can be tailored to dif-
ferent types of bridge deteriorations and components, which is a major advancement
compared to other inspection planning frameworks where only a single deterioration
mechanism is considered

5. The process used to choose the uncertainty thresholds considers the consequence of
the bridge failure and additional factors impacting the bridge performance other than
the ones considered in the deterioration models. Due to this contribution, the risks
associated with a bridge condition are considered during inspection planning to
enhance the safety and serviceability of the bridge.

Finally, the use and potential benefits of the proposed framework still require further
analysis and research. The application of the framework needs to be extended and real-
time investigations on complex bridges should be conducted. Since the framework is
still under development and has not been applied in practice, it is recommended not to
use the framework on a new bridge before conducting an initial or routine inspection
or on a structurally deficient bridge. Having a variable inspection interval can make it
difficult for bridge owners to plan their budget for inspecting the bridges in their inventory.
Therefore, this methodology should be developed to help bridge owners in estimating the
bridge inspection life cycle cost. Some tasks in the framework require a background in
statistics and software coding, which might not be available in some personnel working
in government agencies. Thus, before implementing this program, some employees will
require specific preparation. Further, including the effects of bridge redundancy and load
ratings in the framework can help in improving the planning process even more.
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Appendix A. Corrosion Mechanistic Deterioration Models

The deterioration of reinforced concrete (RC) structures occurs mainly due to corrosion
of the reinforcement, which can be a result of carbonation or chloride ion penetration [54].
This paper is concerned with corrosion of RC structures due to chloride ion penetration,
and this deterioration mechanism consists of two main stages: corrosion initiation and
propagation [68,69]. Corrosion of steel reinforcement initiates once the chloride concentra-
tion at the rebar level reaches a certain threshold [70]. The time for corrosion initiation can
be predicted using the following deterioration model, Equation(A1) [61,71]:

TCI=
x

2

4Dc
[erf−1(

C0−Cth
C0

)]
−2

(A1)

where TCI is the corrosion initiation time associated with the critical chloride concentration
Cth, C0 is the surface chloride content, Dc is the diffusion coefficient, erf−1(.) is the inverse
of the error function, and x is the depth from the concrete surface.

Corrosion propagation in an RC structure can cause loss of the reinforcement cross-
sectional area, a reduction in the bond strength, and cracks in the concrete cover. The loss of
the reinforcement cross-sectional area can be due to uniform corrosion or pitting corrosion.
Based on studies conducted by [72,73], pitting corrosion has a higher effect on the capacity
of RC structures as it leads to a larger reduction in the area of the steel reinforcement.
The pitting corrosion depth (PCD) in the steel reinforcement can be estimated as a time-
dependent deterioration using Equation (A2) [62]:

PCD(t)=rcorrV(t−TCI) (A2)

where rcorr is the rate of corrosion, and V is the ratio between the maximum pit depth to
the mean pit depth (values of V range 4~8) [73]. Another deterioration that can happen to
concrete decks in the corrosion propagation stage is cracking of the concrete cover, in which
hair cracks start appearing on the surface and then grow in length and width, causing
excessive cracking to the concrete surface. In this paper, an empirical mechanistic model
proposed by [61] will be used to estimate the time for cracks to grow from hair cracks (i.e.,
0.05 mm) to a severe crack limit (the severe crack limit will be discussed later in the paper),
as shown in Equation (A3).

TSEV = t1st + 0.0167i−1.1
corr [42.9(wc/C)−0.54 + (

wlim−0.3
0.0062

)
1.5

] (A3)

where TSEV is the time to reach a severe or excessive crack width, t1st is the time to reach
a hair crack of size 0.05mm, icorr = corrosion current density, wc= water/cement ratio,
C = concrete cover, and wlim = the severe limiting crack width. Note that the model only
works for crack limits in a specific range:(0.3 mm ≤ wlim ≤ 1.0 mm).
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