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EXECUTIVE SUMMARY
RISK-BASED BRIDGE INSPECTION PRACTICES

Introduction

The frequency and methods used to inspect highway bridges in
the United States are mandated by the National Bridge Inspection
Standards (23 C.F.R. § 650.301-650.317, 2004). Currently, most
bridges in the United States are inspected at a fixed calendar
interval of 24 months, without regard to the condition of the
bridge. Newer bridges with little or no damage are inspected with
the same frequency as older, more deteriorated bridges, thus
creating inefficiency in the allocation of inspection resources.
Because inspection resources can be considered fixed and finite, it
is not possible to spend the necessary time examining bridges that
are in poor condition and require extra attention without taking
resources away from another bridge or area of inspection. In
addition, bridges with characteristics that are known to perform
poorly are treated identically to bridges with characteristics that
are known to perform well. A rational risk-based method that
takes into account design, material, and condition characteristics
and the operational environment of the bridge would better match
inspection requirements to inspection needs. Therefore, the goals
of this project were to develop and evaluate a risk-based
methodology in Indiana for future implementation that improves
bridge safety, reliability, and optimizes the use of bridge inspection
resources.

Findings

The proposed methodology was based upon the risk-based
methodology presented in NCHRP 12-82 and evaluated in
Oregon and Texas. The Indiana Department of Transportation’s
Risk Assessment Panel, developed during this research, incorpo-
rated reliability theory and expert elicitation to rationally
determine bridge inspection needs. The panel consisted of
INDOT officials, academic experts, and consultants. Assess-
ments were made based on the likelihood and consequence of
failure for specific bridge components. The likelihood of failure
was determined through attributes based on design, loading, and
condition characteristics while the consequence of failure was
based on expected structural capacity, public safety, and service-
ability. By combining the expressions of likelihood and conse-
quence for each component, an optimum inspection interval for
the entire bridge could be determined through the use of risk
matrices. Inspection intervals may be longer or shorter than those
specified by the current regulations.

The methodology was evaluated through case studies involving
36 Indiana bridges. Over 30 years of historical inspection reports
were utilized in the back-casting process to evaluate deterioration
levels and assess the adequacy of the risk criteria. Back-casting

involved monitoring deterioration progression through historical
data, and then comparing the results with the risk-based
approach. There were no cases where a serious progression of
damage would have been missed as a result of the proposed
methodology. Results of the case studies conducted during the
research indicated that the risk analysis procedures provided
suitable inspection intervals ranging from 24 to 72 months for
Indiana bridges.

Families of bridges were created to recognize the similarity of
design, condition, and loading attributes in the risk process.
Bridges in a family have similar damage modes and are expected
to deteriorate in the same fashion at nearly the same rate.
Proposed families for the Indiana state-owned bridge inventory
include the High Rated family, the Low Rated Family, the
Fatigue Susceptible family, the SR 25 families, and the I-69
families. An evaluation of 36 bridges in the Indiana inventory was
conducted, and 21 of those 36 bridges (60%) had extended
inspection intervals at some point during the lifetime of the bridge.

An implementation strategy to provide a technical foundation
for the methodology and develop community support was
proposed to ease the transition period. The implementation of
the risk-based inspection procedures may be a challenge in the
short-term, but has outweighing payoffs in terms of increased
safety, increased reliability, and increased efficiency of inspections
in the long term. Challenges that exist are political, organizational,
and developmental in nature.

Conclusions

Bridge inspection intervals of 48 and 72 months are suitable for
typical highway bridges in Indiana. Had longer intervals been
implemented in the past (i.e., using the back-casting process), it
would not have adversely affected safety and serviceability. The
same results were found in the parallel work of NCHRP 12-82,
which looked at bridge inventories in Oregon and Texas. Further,
“problem” bridges in need of shorter intervals were also properly
identified.

Indiana can immediately benefit from the implementation of
risk-based inspection practices. Based upon families of bridges,
20% of the Indiana inventory could have extended intervals of
either 48 or 72 months. Hence, these bridges could be safely
moved to a 48-month inspection interval with no adverse effect on
safety. The FHWA permits a 48-month policy. Of the 36 bridges
analyzed during the back-casting process, it was found that, for 21
bridges, extended intervals were possible, which is approximately
60% of the 36 analyzed. This suggests that, for bridges not falling
into a family, extended risk-based intervals are also possible
without compromising safety.

The proposed risk-based methodology could transform tradi-
tional calendar-based approaches and optimize the use of bridge
inspection resources, as well as improving reliability and safety of
highway bridges in Indiana.
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1. INTRODUCTION

1.1 Overview of Problem Being Researched

Improving bridge safety, reliability, and the alloca-
tion of bridge inspection resources are the goals of
the proposed risk-based bridge inspection practices.
Currently, bridges in the United States are inspected at a
fixed calendar interval of 24 months, without regard to
the condition of the bridge. Newer bridges with little or
no damage are inspected with the same frequency as
older, more deteriorated bridges thus creating ineffi-
ciency in the allocation of inspection resources and
limiting the resources that can be spent on bridges
requiring extra attention.

The proposed methodology incorporates risk theory
and expert elicitation from the Indiana Department of
Transportation’s Risk Assessment Panel to rationally
determine bridge inspection needs. Assessments are
made based on the likelihood and consequence of
failure for specific bridge components. The likelihood
of failure is determined through attributes based on
design, loading, and condition characteristics while the
consequence of failure is based on expected structural
capacity, public safety, and serviceability. By combin-
ing the expressions of likelihood and consequence for
each component, a maximum inspection interval for the
entire bridge can be determined through the use of risk
matrices.

Current bridge inspection practices were inspired in
part by the catastrophic Silver Bridge collapse in Point
Pleasant, West Virginia on December 15, 1967. Prior to
the collapse, little focus was given to bridge safety
inspections and maintenance. After the collapse,
national interest prompted Congress to include a
section in the Federal Highway Act of 1968 that
created a national bridge inspection program. In 1971,
the National Bridge Inspection Standards (NBIS, 2004)
was created and established a mandatory maximum 24-
month inspection interval as well as maintenance
recommendations. The two year interval was based
on engineering judgment and experience. Bridge owners
are also currently given the option of shorter inspection
intervals for older and more deteriorated bridges
(Ryan, Mann, Chill, & Ott, 2012).

This uniform interval approach has advantages and
disadvantages. Most importantly, safety, serviceability,
and reliability appear to have been maintained nation-
wide. In addition, the calendar-based approach allows
for ease in scheduling inspections. However, the interval
and scope of the inspections do not account for bridge
age, design, or environment. Often, an older bridge will
display advanced levels of deterioration when compared
to a younger bridge. Modern designs utilize improved
materials, including increased durability and resistance
to fatigue and fracture. Environment also plays a huge
role in bridge deterioration, as bridges in aggressive
environments with chloride exposure will deteriorate at
a quicker rate than bridges in arid environments.
Accounting for the variability in design, detailing, and
operating conditions would allow for customized

inspection requirements that improve bridge safety
and reliability, as well as optimize resources for bridge
inspection.

1.2 Overview of the Methodology

The risk methodology developed through NCHRP
12-82 (Washer & Connor, 2014) was the basis for the
Indiana methodology and was designed to ensure bridge
safety, optimize the inspection process, be easily
implemented, meet the needs of different states, and
utilize existing knowledge of in-service bridge behavior.
The primary objective of the NCHRP 12-82 study was
to develop a methodology for Risk-Based Inspection
(RBI) of highway bridges. Additional goals were to
improve the safety and serviceability of bridges and to
focus inspection resources where most needed. This was
accomplished through a semi-quantitative framework
that included a calculation of the likelihood of failure
through a points system and the determination of
consequence factor through expert judgment (Washer &
Connor, 2014). With these considerations, an approach
that combined owner insight, probabilistic structural
reliability theories, and qualitative risk analysis was
developed.

Three primary questions comprise the methodology.

® What can go wrong and how likely is it? Based upon the
forms of deterioration observable in a bridge and their
related design, loading, and condition characteristics, the
likelihood of damage can be determined. The likelihood
of damage is also known as the occurrence factor and can
be classified as one of four categories. These comprise the
occurrence factor.

® What are the consequences? Assuming the damage occurs,
consequence is assessed in terms of safety and service-
ability. The immediate and short term consequences are
also considered. Consequence is classified as one of four
categories. These comprise the consequence factor.

® What is the inspection interval and scope? Using a risk
matrix, the expressions from occurrence factor and
consequence factor are combined to prioritize inspection
needs and assign an inspection interval for the bridge.

The risk-based inspection process is shown in the
flowchart in Figure 1.1. After selecting a bridge for
analysis, the damage modes are determined for the
bridge components based upon engineering experience,
design characteristics, material characteristics, and
environment using the information obtained from the
RAP. To categorize the likelihood of serious damage
developing over time, key bridge component character-
istics, or attributes, are identified and scored based
upon importance. The result is known as the occurrence
factor. An assessment of the consequence factor occurs
concurrently, but independently. By combining the oc-
currence factor and consequence factor in a risk matrix
similar to Figure 1.2, the inspection interval can be
determined. The longest inspection intervals occur when
both the occurrence factor and consequence factor are
in the green area, or low. Bridges with high occurrence
and high consequence factors have inspection intervals

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2014/11 1
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Figure 1.1 Risk-based inspection flowchart adapted from
NCHRP 12-82: Developing Risk-Based Bridge Inspection
Practices.

Occurrence Factor

Consequence Factor

Figure 1.2 Generic risk matrix for determining inspection
intervals.

in the red area and are inspected the most often. Bridges
with a high occurrence factor and low consequence
factor or a low occurrence factor and a high conse-
quence factor have an inspection interval between the
two extremes in the yellow area. This rational approach
focuses inspection efforts on bridges where safety or
serviceability are likely to be disrupted by focusing the
scope of the inspection on the most likely and high
consequence damage modes. Following the inspection,
bridges that exhibit deteriorating conditions are reas-
sessed to determine a new occurrence factor and a new
inspection interval. Once established, consequence
factor typically remains constant throughout the life of
the bridge because the worst case scenario remains
constant.

1.2.1 Reliability Theory

Reliability is defined as the ability of an item to
operate safely under designated operating conditions
for a designated period of time. For bridges, reliability
is a function of deterioration and accumulated damage
and typically decreases as a function of time. Corrosion
of steel elements is an example where deterioration
increases as time progresses. Therefore, the reliability of
a bridge or bridge element can be expressed as:

R(t)=Pr(T=>t) (Eq. L.1)

Equation 1.1: Reliability of a bridge element.

Where R(t) is the reliability, T is the time to failure
for the item, and t is the designated period of time for
the item’s operation. Reliability is the probability (Pr)
or likelihood that the time to failure exceeds the
designated operation time (Washer & Connor, 2014).
Equation 1.1 can be rearranged by substituting a
probability density function that express time to failure
as a distribution such as normal, log normal, etc., as
can be seen in Equation 1.2 (Frangopol, Kong, &
Gharaibeh, 2001). A probability of failure function is
time dependent and can be expressed as F(t). Then, the
reliability can be expressed as:

R(t)=1—F(t) (Eq. 1.2)
Equation 1.2: Time-dependent reliability.

The reliability is the probability that the item will not
fail during the designated operating time (Washer &
Connor, 2014). A major challenge arises when applying
this theory to bridge inventories. Insufficient data exist
to develop a verifiable probability density function for
bridges which includes all the factors that contribute to
deterioration. Designs, construction practices, and
environments vary widely, and performance character-
istics are constantly evolving. Constant evolution
makes it difficult to create a function that works for
future bridges as well as older bridges because past
performance may not be indicative of future perfor-
mance. In addition, bridge failures are rare. This limits
the quantity of available data. Further, many research-
ers point to the data available from laboratory tests of

2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2014/11



components to determine strength for attempting to set
inspection intervals and develop probability density
function for bridges. In reality, strength failures are not
usually the issue. By illustration, a simple span bridge
failing at midspan due to insufficient strength or
overload is only one reason a bridge is inspected.
Rather, long-term corrosion of the girder near a leaking
joint is much more likely to become an issue and result
in damage.

To solve these challenges, the probability of failure is
determined based on qualitative or semi-quantitative
analysis. Engineering judgment and experience can be
used to estimate the expected reliability of a specific
bridge in a given environment. Expert elicitation and
expert judgment can be utilized to make decisions on
reliability for complex systems subjected to complex
working environments where little data are available
(API, 2002). Risk can also be evaluated, as risk can be
defined as the likelihood of failure during a given time
interval, which is essentially the inverse of reliability. In
the proposed methodology, experts estimated the
expected likelihood of failure for bridge components
over the time period of 72 months based upon expert
judgment and the perceived likelihood of failure.

1.2.2 Definition of Failure

An important step in determining the risk of a bridge
element is describing a suitable definition for “failure.”
For bridges, catastrophic collapse is an obvious defini-
tion; however, such collapses are rare. Therefore, a
definition that captures the structural capacity, service-
ability of the bridge, and the safety of the traveling
public is essential.

Failure is defined as an element that is no longer
performing its intended function to safely and reliably
carry normal loads and maintain serviceability (Washer
& Connor, 2014). To incorporate this definition with
the inspection process, an element was defined to have
failed when it reached the NBIS condition rating of 3,
or “serious condition” (FHWA, 1995). Bridge elements
in this condition may not be performing as designed.
The subjective condition rating of 3 is defined as
follows (FHWA, 1995):

NBIS Condition Rating 3. Serious Condition: Loss of
section, deterioration, spalling, or scour have seriously
affected primary structure components. Local failures are
possible. Fatigue cracks in steel or shear cracks in concrete
may be present.

Inspectors and bridge owners are familiar with the
condition rating descriptions. Because the condition
ratings have been used for over forty years, there is
past experience for bridges of varying designs,
materials, and environments. It is not expected that
bridges assessed using a risk-based approach would be
allowed to reach condition rating 3. Rather, bridges
would be repaired or replaced as needed to ensure the
likelihood of failure remains low for the determined
inspection interval. This approach may be revised

slightly when element level data are used. Elements
could be repaired or replaced as needed to maintain
acceptable risk levels. However, the overall concept
remains the same.

1.2.3 Lifetime Performance Characteristics

In a risk assessment, typical overall lifetime behavior
of bridge components is important to understand.
Typically, failure patterns form a “bathtub” curve with
three distinct regions: infant mortality, useful life, and
wear-out. Figure 1.3 provides a simplified illustration
of this pattern. Different bridge components will have
different shapes and timelines for their bathtub curves
based upon design characteristics, construction quality,
environment, and maintenance practices etc. The infant
mortality section of the figure relates to the effects of
construction errors or flaws that become apparent early
in the life of the bridge. Components with defects
typically have a shorter than expected service life and
may have an increased likelihood of failure. During the
useful life portion of the curve, bridge components
typically have long service lives where failures are rare.
The likelihood of failure within this region is low. As
bridge components reach the end of their useful lives
and exhibit advanced deterioration, the risk decreases
and the failure rate increases. Bridges in the wear-out
part of the curve require more frequent inspections to
maintain adequate risk levels and to address repair
needs. One goal of risk-based inspection is to extend the
useful life interval by replacing or repairing bridge
elements before failure. Extension of the useful life
interval can also optimize inspection resources by
requiring fewer inspections to maintain risk levels.

Infant

Mortality Useful Life

Wear-Out

Failure Rate

Y

Time

Figure 1.3 Typical lifetime performance probability curve for
highway bridges. Adapted from NCHRP 12-82: Developing
Risk-Based Bridge Inspection Practices.
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1.3 Risk Assessment Panel

The risk assessment panel (RAP) is an expert panel
assembled at the owner level to conduct analysis to
support risk-based inspection. The panel assesses the
reliability characteristics of bridges within a particular
operational environment for a particular time interval,
and the potential consequences of damage. Owner
level input is important because performance char-
acteristics of bridges and bridge elements vary widely
across the United States and even within a state.
Environmental conditions have a significant effect,
since regions with significant snowfall apply deicing
chemicals frequently and arid regions rarely apply
deicing chemicals. Design and construction specifica-
tions also vary between states. Examples of these
details include drainage features, use of overlays, use
of protective coatings, sealers for concrete, and girder
spacing. Maintenance practices also vary. As a result,
knowledge and expertise of the historical performance
characteristics, operational environment, design re-
quirements, and bridge management and maintenance
practices are critical for conducting risk-based
assessments.

Risk-based assessments of inspection needs require
expert knowledge from multiple bridge related areas.
The panel of experts, or RAP, typically consists of an
inspection team leader, inspection engineer, bridge
program manager, structural engineer, materials engi-
neer, academics, and outside consultants. Inspection
team leaders or engineers provide insight into inspec-
tion procedures and practices. A structural engineer
details common load paths and overall structural
behavior, while the materials engineer weighs in on
materials quality issues or material deterioration.
Academics fill gaps in technical knowledge or pro-
vide independent review. Consultants supplement the
knowledge base and bring an outside perspective on
bridge design and inspection. With expert input from
the RAP, reliability characteristics and consequences of
bridge failure can be effectively assessed for a given
time interval.

Expert elicitation is the method used to determine the
probability or likelihood of failure of a bridge compo-
nent and the associated consequence factor. The process
to elicit expert judgment from the RAP consists of four
parts. First, a problem statement is objectively posed to
the RAP that includes basic data about the bridge.
Then, each expert is asked to determine either damage
modes, attributes, or the consequence factor for the
presented scenario. Experts compare results and reason-
ing, and come to a consensus on credible damage
modes, most important attributes, and consequence
factor. Finally, the consensus decision and rationale is
documented. If a consensus is not reached, additional
information may be requested, and all sides of the
discussion can be recorded for future reference. This
process provides a framework for efficient, objective
analysis that allows judgments from all RAP members
to be considered.

1.4 Occurrence Factor

The occurrence factor is an expression of the
probability of failure for a bridge component. The
likelihood of severe damage occurring is estimated over
a specified time interval and considers the likely damage
modes, deterioration mechanisms, and bridge attri-
butes. Qualitative and quantitative categorizations of
the occurrence factor as well as assessment methods are
presented.

1.4.1 Categorization

The estimate of probability of failure for a bridge
component is expressed as the occurrence factor. To
develop the occurrence factor, three factors were
considered: the practical definition of failure, the time
intervals for the assessment, and the required resolution
of the result. In addition, an associated quantitative
rating was established.

A bridge component in condition rating CR 3 is
considered failed for the risk assessment. Bridge
components in this condition may not be performing
as designed and may exhibit severe deterioration.
Linking the definition of failure to a well-known rating
assessment of the bridge allows easy integration of the
risk approach and the previous biennial inspection. The
goal of risk-based inspections is to prevent bridge
components from reaching a failed state.

The time interval for the risk assessment was based
upon prior research, deterioration models, and expert
judgment. Bridges typically have long service lives
because deterioration mechanisms, such as corrosion,
are slow acting. Commonly available reinforced con-
crete corrosion models indicate that corrosion initiation
occurs ten or more years after the bridge was built
(Enbright & Frangopol, 1998). Once initiated, corro-
sion may take six to twenty years to propagate
depending on the corrosion resistance of the rebar
(Enbright & Frangopol, 1998). Steel corrosion models
in moderately aggressive environments estimate section
loss on the order of 1/16 of an inch over six years
(Albrecht & Hall, 2003). Research and deterioration
models point towards a six year inspection interval, and
expert judgment agrees. Further, if an engineer was
asked to predict if a bridge element in good condition
would deteriorate to serious state in one year, the
likelihood of failure would be very low since deteriora-
tion mechanisms are slow-acting. The engineer’s con-
fidence in the assessment comes from his or her
experience knowing that it is unlikely for significant
deterioration to occur in one year. However, if an
interval of ten years was asked, the uncertainty would
be much higher. While it still may be unlikely for the
event to happen, the engineer’s ability to predict or
forecast with confidence 1s reduced. Therefore,
NCHRP 12-82 researchers debated the interval and
ultimately an interval of six years was selected. It was
felt that six years provides a balance between shorter
intervals where the likelihood of failure would be
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TABLE 1.1
Occurrence Factor Rating Scale for Risk-Based Inspections

Level Category Description

1 Remote Remote likelihood of occurrence, unreasonable
to expect failure to occur

2 Low Low likelihood of occurrence

3 Moderate Moderate likelihood of occurrence

N

High High likelihood of occurrence

extremely low and the confidence of assessment is high
and longer intervals where the likelihood of failure
increases and the confidence in the forecast is lower.

A four category qualitative scale was developed for
estimating the occurrence factor for risk-based bridge
assessments. The scale can be seen in Table 1.1 and
ranges from Remote, where the likelihood is extremely
small and no failure is expected, to High, where the
likelihood of failure is increased. Four occurrence
factor categories were considered to have enough
precision to ensure safety and serviceability considering
a one-year required resolution of the result. The slow
rate of deterioration mechanisms make more exact
resolutions unnecessary. For example, an inspection
interval of three years and twenty one days is
impractical for inspection planning and assessment
purposes. Therefore, a four category scale for occur-
rence factor was determined to align with the resolution
required for overall inspection interval.

In some cases, expert judgment is quantitative in
nature. Linking the qualitative and quantitative
descriptions for the occurrence factor provides a
common language for engineering estimates. The values
shown in Table 1.2 are target values that can be used to
correlate qualitative and quantitative data. Existing
industrial approaches were considered when determin-
ing quantitative values. For example, the American
Society of Mechanical Engineers (ASME) uses a three
level scale where “low” risk has less than a 1/10,000
annual failure probability, moderate risk has an annual
failure probability of 1/10,000—1/100, and high risk has
an annual failure probability of greater than 1/100
(ASME, 2007). Variation and uncertainty in design,
construction methods, and environment for bridges
make the quantitative likelihood an order of magnitude
estimate. Estimates are typically conservative, especially
for less likely events.

TABLE 1.2
Occurrence Factor Qualitative and Quantitative Descriptions

1.4.2 Method of Assessment

The occurrence factor is assessed based upon the
RAP developed damage modes and attributes. Credible
damage modes are established to determine what can
go wrong for various bridge components. Design,
condition, loading, and screening attributes of the
various components that contribute to the damage
modes are determined, and ranked according to
importance. Based upon this ranking, a scoring system
is utilized to determine the occurrence factor.

1.4.2.1 Damage Modes. Damage modes are the
answer to the question of “what can go wrong?”
Forms of deterioration observable in a bridge are
damage modes and can include spalling and cracking
in concrete as a result of corrosion, or section loss in
steel elements. Credible damage modes are determined
by the RAP and are generally well-known by bridge
engineers. For example, a steel girder bridge over a
waterway can have damage modes of corrosion, fatigue,
and fracture. Additional damage modes for con-
sideration could be overload or impact. In this
scenario, the RAP may determine that impact is not
likely for a bridge over a waterway, and if the bridge is
not expected to carry permit loads, overload may also
not be a credible damage mode. The rate of progression
for a damage mode is largely dependent upon the bridge
attributes. Bridges in aggressive marine environments
would be expected to corrode faster than bridges in arid
environments. To answer the follow-up question of
“how likely are things to go wrong?” attributes
correlating to damage modes are assessed.

1.4.2.2. Attributes. Bridge component characteristics,
known as attributes, affect the reliability and durability
of the bridge as a whole. Attributes that enhance the
reliability and durability are considered to be favorable,
while attributes that decrease the reliability are
considered to be unfavorable. For example, a concrete
bridge deck located in a mild climate with adequate
concrete cover and epoxy coated reinforcement is
unlikely to experience severe damage over the in-
spection interval because the attributes are known to
provide resistance to corrosion. In contrast, a concrete
deck with minimal concrete cover and non-epoxy coated
reinforcement located in a region that applies de-icing
chemicals would be more likely to develop serious

Level Qualitative Rating Description

Likelihood Expressed as a Percentage

1 Remote
to expect failure to occur

2 Low Low likelihood of occurrence
3 Moderate Moderate likelihood of occurrence
4 High High likelihood of occurrence

Remote likelihood of occurrence, unreasonable

=1/10,000 0.01% or less
1/1,000-1/10,000 0.1% or less
1/100-1/1,000 1% or less
>1/100 >1%
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damage from corrosion because experience suggests
those attributes are susceptible to corrosion damage.
Bridge attributes are grouped into four categories: design,
loading, condition, and screening. Key attributes are
identified and used to assess the occurrence factor.

Design attributes describe the design of the bridge
components and include items such as year of con-
struction and concrete cover. The design attributes of a
bridge frequently remain constant throughout the
lifespan of the structure. Some design attributes are
not recorded in the current inspection reports; however,
bridge plans can supply additional information.

Loading attributes describe loads that are applied to
the bridge components and include structural loading,
traffic loading, and environmental loading. Examples
of loading attributes include likelihood of overload,
average daily truck traffic, and exposure environment.
Exposure environment can be a macro concern, such as
geographic region, or a local concern, such as applica-
tion rate of de-icing chemicals.

Condition attributes describe bridge component
conditions that are indicative of future reliability.
Joint condition, presence of spalling, and shear crack-
ing are examples of condition attributes. In general,
components in deteriorated conditions are considered
to be less reliable.

Screening attributes are used to identify bridges that
have advanced deterioration or are outside the scope of
the developed analysis. Typically, attributes that make
the likelihood of serious damage very high or uncertain
are considered screening attributes. Additionally,
bridges with different anticipated deterioration patterns
are screened out for individual consideration. Examples
of screening attributes include fire damage, active
fatigue cracks, and bridges with timber decks. The
likelihood of serious damage resulting from fire
damaged bridges is uncertain. Damage may be hidden,
manifest at a future time, or may not exist. Active
fatigue cracks make the likelihood of serious damage
very high. It is expected that fatigue cracks can lead to
fracture of the girder. Bridges with timber decks are
expected to deteriorate differently than concrete decks.
Therefore, timber decks that are screened from the
inventory can be assessed individually. Screening
attributes can facilitate effective and efficient risk rating.

The occurrence factor is evaluated by identifying key
attributes and using a scoring procedure. Attributes
considered by the RAP to have a major role in
determining reliability of a component could be assigned
a maximum of score of 20 points, and attributes that
have a moderate role could be assigned a maximum 15
points. A maximum of 10 points could be awarded to
attributes that play a minor role in determining
reliability. Different conditions would be scaled appro-
priately. For example, if joint condition was considered
to be a major attribute, a leaking joint could score 20
points. Debris-filled joints could score 15 points while a
non-leaking joint may score 5 points. Bridges without
joints could be assigned 0 points. Occurrence factor can
be determined from this systematic scoring approach.

This basic scoring methodology can also be customized
to meet the needs of different bridge inventories.

1.5 Consequence Factor

Consequence factor is a categorization of the likely
outcome determined by assuming that a damage mode
results in failure of a bridge component. Based upon the
likely outcome, the bridge component is placed into one
of four consequence categories. Table 1.3 provides a
brief summary of each category. Failure of a compo-
nent is not an expected event when using a risk
approach; rather, the worst-case scenario is considered
to rank the importance of a given component relative to
other components. When assessing the Consequence
Factor, the immediate and short-term outcomes, or
the results of the failure of an element should be
considered. Immediate outcomes typically correlate to
the safety of the bridge and surrounding public while
the short-term outcome typically refers to the service-
ability of the bridge and the effect on the traveling
public. Factors to consider when assessing consequence
factor are addressed. Detailed descriptions of each
consequence category are also described. Appendix B
contains additional guidance for assigning consequence
factors for the deck, superstructure, and substructure.

1.5.1 Immediate Consequence

The immediate consequence refers to the structural
integrity and safety of traveling public when the failure
occurs. Considerations include whether a bridge will
remain standing and whether the traveling public will
remain safe. For example, failure of a load bearing
member in a multi-girder redundant bridge is not
expected to cause loss of structural integrity, excess
deflections, or collapse. As a result, the traveling public
is immediately unaffected when the failure occurs. A
contrasting scenario would be for a fracture critical
bridge, where the loss of a main member could cause
excess deflection or collapse thereby causing the bridge
to be immediately unsafe for the traveling public. The
safety of the structure and the public should be
considered for determining the immediate consequence.
Spalled concrete can also create a safety issue for the
traveling public by falling onto the roadway, vehicles,
or property. Therefore, a concrete superstructure bridge
or a bridge with a concrete deck without stay-in-place
forms will have a higher immediate consequence if the

TABLE 1.3
Consequence Category Brief Description

Level Category Consequence Description

1 Low Minor effect on serviceability, no effect on safety
2 Moderate Moderate effect on serviceability, minor effect on

safety

3 High Major effect on serviceability, moderate effect on
safety

4 Severe  Major effect on safety and serviceability
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bridge is over an interstate versus a bridge over a non-
navigable waterway. The primary considerations for
determining immediate consequence are structural
integrity and public safety.

1.5.2 Short-Term Consequence

The short-term consequence refers to serviceability
concerns and short-term impacts to the traveling public
after a failure occurs. Load posting, repairs, and speed
reductions can be considered serviceability concerns.
Lane, sidewalk, or shoulder closures as a result of the
damage mode impact the traveling public and can cause
delays. For example, a multi-girder redundant bridge
that experiences the loss of a load bearing member is
expected to remain standing; however, once the failure
is discovered, a typical response is to close a lane or
shoulder until the bridge is repaired. Therefore, the
traveling public will be affected. The effect of a lane
closure for a bridge carrying an interstate will have a
higher short-term consequence than a rural bridge
carrying a low traffic volume. Additionally, lane
closures or speed reductions for bridges located in
downtown regions or bridges that are critical links to
towns can cause a large impact on traveling public. The
primary considerations for determining short-term
consequence are serviceability concerns and impacts
to the traveling public.

1.5.3 Factors to Consider

Multiple criteria exist for determining the immediate
and short-term consequence factor. For some bridges,
the consequence factor is clear, but for other bridges in-
depth consideration is required. Some factors to
consider when determining the consequence factor are:

® ADT/ADTT: Closing a lane or shoulder on a bridge with
high ADT may result in longer queues and therefore
longer delays to drivers than a closure for a bridge with
low ADT. Generally, damage to bridges with high ADT
will have a greater consequence factor than damage to
bridges with low ADT.

® Feature Under: The feature under a bridge determines the
immediate consequence for falling debris from the
bridge. Falling debris from a bridge over a traveled
roadway or walkway would have a higher consequence
than falling debris from a bridge over an unpopulated
area. The feature under also determines the short-term
consequence if a lane or shoulder is closed to facilitate
repairs.

® Feature Carried: Interstates often have different lane
or shoulder closure policies than state highways.
Consequence factor could be correlated to functional
classification based upon the perceived roadway impor-
tance and effect on the traveling public.

® Stay-in-Place Forms: Bridges without stay-in-place forms
for the underside of the deck pose a safety issue to the
public beneath the bridge. Spalled concrete may fall onto
the traveling public and create a safety concern. Bridges
with stay-in-place forms may prevent spalled concrete
from reaching the traveling public beneath the bridge.

® Redundancy: Non-redundant bridges are expected to
have structural integrity issues should loss of a load
bearing member occur. Redundant bridges behave
differently than non-redundant bridges and are expected
to maintain structural integrity should loss of a loading
bearing member occur. Member, load path, and struc-
tural redundancy should be considered.

® Composite Action: Beams in non-composite bridges have
the possibility of falling from the bridge in the event of
failure. This creates safety and serviceability concerns for
the traveling public. For composite bridges, this is
expected to be a non-issue.

® Load Carrying Capacity. A bridge that has been
previously load posted may not respond in the same
manner as a bridge rated at full capacity if failure were to
occur.

1.5.4 Consequence Factors

There are four consequence factor categories: Low,
Moderate, High, and Severe. A general description,
samples situations, and additional commentary for each
scenario is presented. Tables created during the course
of this research elaborating on consequence factor
guidance for each bridge component can be found in
Appendix B.

® Low Consequence: This scenario is the least serious of all
the Consequence Factor categories. The likelihood of
structural collapse resulting from the damage mode is not
credible and any effect on the serviceability of the bridge
is minor.

® Moderate Consequence: This scenario can be character-
ized by consequences that are classified as moderate in
terms of their outcome. The likelihood of collapse and
loss of life is very remote, and there is a minor effect on
the safety of the traveling public.

® High Consequence: This scenario can be characterized by
consequences that are more serious in terms of their
outcome. The likelihood of collapse and loss of life may
be more measureable, but is still relatively remote.
Though the bridge may require repairs, the outcome
would not be catastrophic in nature.

® Severe Consequence: This is the most critical consequence
factor category and can be characterized by events that,
should they occur, are anticipated to result in cata-
strophic outcomes. Structural collapse and loss of life are
likely should the failure occur.

1.6 Inspection Procedures

The inspection process plays a key role in updating
the information used in the risk assessment. Specific
information regarding the current condition of the
bridge elements is critical for determining the occur-
rence factor. For example, to determine the appropriate
occurrence factor for corrosion damage in a steel beam,
information on the current extent of corrosion damage
is needed to assess whether severe damage is likely to
develop over the inspection interval. To gather infor-
mation for the assessment, visual inspections are
typically adequate, although non-destructive evaluation
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or a hands-on inspection may be required. In some
cases, the RAP may specify the type of inspection
required to obtain the necessary data. During the
inspection, additional information about the bridge,
such as concrete cover, may need to be collected to
ensure an accurate risk assessment. Also, data such as
the presence of spalling may need to be refined to fit
into categories such as “greater than 20% spalled by
area,” or “less than 5% spalled by area.” Similar
reporting styles and classifications would create con-
sistency between data gathered from inspections and
therefore greater consistency in the risk assessments.

Currently, there are a variety of approaches used by
different states to collect, document, and store bridge
inspection data. Some states use the component-based
system mandated by the NBIS; others use a span-by-
span approach; and others use an element-level process.
Element-level inspections lend themselves to risk-based
inspections. Element-level inspections collect more
detailed and descriptive information than component-
level or span-by-span inspections. Information needed
to support a risk assessment includes the key damage
modes affecting elements of the bridge, the location and
extent of damage, and the condition of key attributes
developed during the RAP meeting. An element-level
inspection addresses all of these needs and relates
inspection to the data needed for the assessment.

Inspections can be prioritized based upon the
Inspection Priority Number, or IPN, as seen in
Equation 1.3. The IPN is the product of the occurrence
factor (O) and the consequence factor (C):

IPN=0xC (Eq. 1.3)
Equation 1.3: Inspection Priority Number.

The IPN highlights the damages modes that have the
highest likelihood of failure and the greatest associated
consequence (Washer & Connor, 2014). This information
can allow bridge inspectors to emphasize certain elements
during the inspection based on the engineering analysis
and rationale developed by the RAP. However, the scope
of the inspection is not limited to the damage modes that
have the highest IPN. Other elements should be inspected
to ensure the validity of the current occurrence factor
assessment or to determine if additional deterioration
warrants a change in the occurrence factor assessment.
Overall, the IPN allows a more focused inspection based
upon the engineering assessment of the specific bridge and
improves the effectiveness of the inspection.

1.7 Project Objectives
The research objectives for this project are as follows:

® Develop criteria for a risk-based assessment including
the development of damage modes and key attributes
for the likelihood and consequence factors used in setting
inspection intervals through the use of a Risk Assessment
Panel (RAP) comprised of INDOT engineers, inspectors,
and consultants.

® Verify the developed risk assessment model through
back-casting by using historical inspection records and

tracking deterioration progress to assess the adequacy of
the selected risk criteria.

® Develop criteria for families of bridges to facilitate future
risk assessments.

® Create a short and long term implementation plan for
risk-based bridge inspection intervals.

1.8 Report Outline

This document is organized into six chapters plus
appendices. Chapter 1 presents an overview and
explanation of the risk-based methodology concept.
Chapter 2 describes the development of criteria for the
reliability assessment through the use of a risk-
assessment panel. Chapter 3 summarizes the back-
casting performed to evaluate bridges in Indiana.
Chapter 4 summarizes the families of bridges that were
developed for the bridge inventory in Indiana. Chapter
5 contains an implementation plan. Chapter 6 describes
the results, conclusions and recommendations from this
research study.

Appendix A contains a summary of the attributes
and damage modes determined from the INDOT Risk
Assessment Panel meeting. Guidelines for determining
the consequence factor and consequence factor tables
can be found in Appendix B. The back-casting results
with detailed bridge information for Indiana bridges
can be found in Appendix C.

2. DEVELOP CRITERIA FOR RISK-ASSESSMENT

The Risk Assessment Panel (RAP) meeting was a
consensus-based expert elicitation approach utilized to
develop and refine data models created in the NCHRP
12-82 study for the risk-based inspection approach.
Expert elicitation aims to quantify the likelihood of
adverse future events when insufficient operational data
exists to make a quantitative estimate. With input from
the expert members of the RAP, a comprehensive and
objective framework was developed for determining
bridge inspection intervals. Because each state operates
using different design and construction specifications
and has different environmental conditions, expert
opinions formed at the owner level allow the RBI
process to be customized for each state. The results
from the Indiana RAP meeting are presented below.

2.1 Meeting Overview

The RAP meeting consisted of a two-day event at the
Indiana Department of Transportation (INDOT) office
in Indianapolis, Indiana. To begin the meeting, the
goals, objectives, and overall research approach were
described. Examples of applications for the approach
were also presented as a training exercise for the
occurrence factor and consequence factor. During the
expert elicitation section of the meeting credible
damage modes for concrete decks, steel superstructures,
and prestressed concrete superstructures were identified
through the consensus of the RAP. Time restraints
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prevented concrete superstructures and substructures
from being specifically addressed in this meeting.
Additional meetings could be held prior to complete
implementation of the methodology. Also, relevant
attributes were identified and ranked in order of
importance. This ranking (high, medium, or low) was
used to establish a preliminary scoring method.
Consequence factors for each bridge type were also
developed through the consensus based expert elicita-
tion approach. After the meeting, the information was
analyzed and organized into scoring models. Back-
casting, which involved monitoring deterioration pro-
gression through historical data and comparing the
results with the risk approach, was used to evaluate the
safety and effectiveness of the RAP specific risk model.

2.1.1 RAP Meeting Attendees

The Indiana RAP Panel was attended by INDOT
officials, industry consulting experts, and officials from
the Federal Highway Administration. Twelve partici-
pants were present for the first day of the meeting, and
nine were present the second day. A listing of RAP
meeting attendees is available in Table 2.1.

2.1.2 Schedule and Agenda

Discussion on the first day of the workshop centered
on understanding the RBI approach and determining
likelihood for multiple bridge components. PowerPoint
presentations introduced the objectives and goals of the
meeting as well as presented three examples that were
used as training. After training, participants listed and
came to a consensus on damage modes for decks and
steel superstructures for bridges in Indiana. The panel
also determined attributes for each of the damage
modes and ranked them according to importance.

Discussion on the second day of the workshop
centered on prestressed superstructures and consequence
analysis. Damage modes and attributes were determined
for prestressed superstructure bridges in Indiana using
the consensus approach. Then, consequence factors

for deck, steel, and prestressed damage modes were
categorized. At the end of the meeting, Indiana
specific criteria for risk-based inspections had been
established.

2.1.3 Expert Elicitation Process

The process to elicit expert judgment from the RAP
has four major components: statement of the prob-
lem, expert elicitation, comparison of results, and
documentation.

1. Statement of the Problem: The RAP was presented with a
problem statement that included data such as bridge
design, location, and traffic patterns. The problem
statement was phrased to avoid biased decisions, and
damage modes were determined directly from the
statement. To determine the attributes, a damage mode
was assumed, and to determine the consequence factor, a
given failure scenario was assumed.

2. Expert Elicitation. Each member of the RAP was asked
to independently determine damage mode, attribute, and
consequence factor based upon his or her judgment,
experience, available data, and the scenario presented.
The expert provided an assessment in ten percent
increments of likelihood or consequence.

3. Comparison of Results: Each expert shared his or her
results and reasoning, and the results were compared. In
many cases, a consensus was reached. If a consensus was
not immediately apparent, experts had the opportunity
to discuss the various judgments and revise their scores.
If a consensus was still not reached after discussion, the
most conservative factor was adopted.

4. Documentation: The results from the expert elicitation
were documented. For items where a consensus was
reached, rationale for making the determination were
noted. If a consensus was not reached, all facets of the
discussion were recorded for future reference. Additional
supporting information was also included in the INDOT
bridge file as needed.

2.1.3.1 Identifying Damage Modes. Experts utilized a
blank worksheet similar to Figure 2.1 to determine
damage modes for bridge elements. After listing

TABLE 2.1
Listing of RAP Meeting Attendees
Name Current Position Affiliation
Participant A Director of Bridges INDOT
Participant B Bridge Inspection Engineer INDOT
Participant C Structural Services INDOT
Participant D Bridge Inspection Manager INDOT
Participant E Program Engineer INDOT
Participant F Structural Services INDOT
Participant G Bridge Standards and Policy Engineer INDOT

Participant H
Participant T
Participant J
Participant K
Participant L

Senior Project Manager
Senior Project Manager
Steel Bridge Design Engineer
Bridge Engineer
National Bridge Inspection Program Engineer

Beam, Longest & Neff
United Consulting
FHWA
FHWA
FHWA
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Figure 2.1 Expert elicitation for steel girder damage modes.

credible damage modes individually, each expert shared
his or her judgments with the rest of the panel. Most
damage modes were well known by the experts and
bridge engineers, and a consensus on the most likely
and least likely damage modes was quickly and easily
reached. This method allowed states to address damage
modes that may be a specific concern for their
inventory. In addition, the process acted as a filter
that allows the most important and likely damage
modes to rise to the top while the less likely or
unrealistic damage modes fall to the bottom of the list.
Another beneficial aspect of this approach was that
identical elements have identical damage modes, e.g.,
steel girders exhibit the same damage modes. This
allowed additional assessments to be completed quickly
and efficiently.

As an example, to determine the damage modes for a
steel girder, the following question was posed to the
experts: “The current condition rating for a steel girder
is a three, serious condition. What damage mode is
likely to be present?” Figure 2.1 shows the results from
one expert. He believed that corrosion and section loss
were the most likely damage modes that would
contribute to the deteriorated condition. Overload
was a possible damage mode, but less likely to occur,
and stress corrosion cracking was identified but not
assigned any likelihood, indicating he believed the
chance of occurrence was less than ten percent.
Ultimately, the consensus of the panel was that
corrosion was the most likely damage mode for steel
girders.

2.1.3.2 Identifying Attributes. To determine the
attributes associated with each damage mode, experts
individually listed attributes that would indicate a given
damage mode was likely to occur. A group discussion
was then conducted to determine key attributes and
their relative importance. Attributes were ranked
according four categories: high, medium, low, and
screening. Screening criteria were used to identify

bridges with known issues or atypical bridges that
required further analysis. Attributes ranked as high had
the greatest influence on the damage mode, while
attributes ranked as low had the least influence. The
occurrence factor was then determined from a scoring
procedure.

Continuing the example of a steel girder with the
damage mode of corrosion/section loss, the panel was
asked, “For the steel girder, what information would be
needed to make the assessment of how long before
corrosion/section loss becomes an issue?” As shown in
Figure 2.2, the panel suggested the most important
attributes were the condition of the expansion joints,
the environment, and the presence of existing section
loss. These were ranked as high and assigned the
maximum possible point values. Medium level attri-
butes included maintenance practices, structure age,
and coating type and were assigned fewer possible
points. Attributes ranked as low were assigned the
least amount of possible points. Based upon these
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Figure 2.2 RAP determined attributes for section loss on
steel girders.
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Figure 2.3 Worksheet used to identify consequence factors.

distinctions, a basic scoring procedure was developed
and used to determine occurrence factor.

2.1.3.3 Identifying Consequence Factors. Experts
utilized the blank worksheet seen in Figure 2.3 to
identify consequence factors. Low, Moderate, High,
and Severe were the consequence categories utilized. An
exercise was conducted in which the question was
asked, “Providing that the damage mode occurred,
what is the consequence?” Experts would then fill in the
bubbles in the form based upon their judgment and
experience, and a discussion would follow. Consensus
on the appropriate consequence factor was typically
reached during the discussion. There were six scenarios
presented to the panel for evaluation ranging from the
loss of a load bearing girder to spalling in the
substructure. This process was used to determine
consensus, to address situations where there was
disagreement, and to discover unique situations that
may require further expert judgment.

An example for determining the consequence factor
is shown in Figure 2.4. For a steel girder, the evaluated
damage mode was loss of capacity in one member. The
red numbers in the grid represent the number of experts
who recorded that answer. Four members expressed
that the loss of capacity had a 30% likelihood of being a
Moderate consequence. The high percentages recorded
for Moderate and High demonstrated that the majority
of members believed the scenario to be either a
Moderate or High consequence event. Ultimately, the
consensus was that losing a girder in a steel bridge was
a High consequence event.
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Figure 2.4 Determining consequence factor for loss of
capacity in a steel girder.

2.2 Decks

Damage modes, attributes, and consequence factors
were determined by the RAP for concrete bridge decks
in the state of Indiana. Corrosion was established as the
primary damage mode. Attributes included exposure
environment, current deck condition, and maintenance
cycle. The consequence factor was assumed to vary
between Low and High depending on site specific
conditions at the bridge.

2.2.1 Damage Modes

RAP members listed cracking, corrosion, rubbliza-
tion, rutting, and debonding as damage modes for
concrete decks. After discussion, rubblization and
rutting were not considered to be credible damage
modes in the state of Indiana, and debonding was
considered to be a damage mode for the overlay and
not for the concrete deck. The remaining damage
modes, cracking and corrosion, were considered to be
interrelated. Therefore, the primary damage mode for
concrete decks in Indiana was corrosion.

2.2.2 Attributes and Scoring

Based on the deck damage mode of corrosion,
attributes and their relative importance were determined
by the RAP panel. These are summarized in Table 2.2
and were integrated into the 12-82 risk framework. If the
attribute was similar to an item presented in the NCHRP
12-82 study, it was noted. The high, medium, low, and
remote columns distinguish how the points would be
awarded for a given attribute. If the bridge exhibited the
condition shown in the high column, maximum points
would be awarded. Current deck condition, mainte-
nance cycle, and exposure environment were agreed to
have a high degree of severity. The degree of severity and
max score columns correlated the RAP consensus
importance with the points assigned to that attribute.
For example, the attribute “current deck condition” has
a high degree of severity, and was assigned a maximum
point value of twenty points. A bridge deck in condition
rating five or below received twenty points. Decks in
condition rating six received five points, and a condition
rating of seven or above received zero points.

Four screening attributes were identified: bridges
with a non-composite superstructure, bridges with a
known construction error, bridges that did not have a
concrete deck, and bridge decks in condition rating CR
4 or below. Non-composite bridges can exhibit different
deterioration patterns than composite bridges and have
increased reliability concerns. Composite bridge decks
are also preferred in current design provisions. Bridges
with a known construction error behave according to
the specific error. The risk procedure may not capture
the unique deterioration pattern, and the extended
inspection interval should be used with caution. Bridges
without a concrete deck were also screened out because
the majority of bridges in Indiana are concrete decks.
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TABLE 2.2

Attributes for the Damage Mode of Deck Corrosion

Similar Items

in NCHRP Degree of Max
12-82 Attributes High Medium Low Remote Screening  Severity Score
C.1 Current deck CR 5 CR 6 CR 7+ H 20
condition
C.11 Presence of repairs  Yes No L 10
C.13 Efflorescence/ Efflorescence with ~ Moderate Minor No M 15
leaching rust staining efflorescence efflorescence efflorescence
w/o rust
staining
Maintenance cycle  No maintenance Washing/sealing H 20
D.11 Concrete cover <1.5" 1.5"-2.5" 2.5"+ M 15
D.12 Reinforcement type Not epoxy coated Epoxy coated M 15
D.4 Deck drainage Ponding/ineffective Effective M 15
drainage drainage
D.7 Presence of Bituminous without No overlay or M 15
overlay/type membrane LMC overlay
L.1 ADTT (functional = >2500—interstate <100—rural M 15
class)
L.3 Exposure Northern districts Central districts  Southern districts H 20
environment
— Composite with X
superstructure
— Construction error X

The RAP only addressed damage modes and attributes
associated with concrete decks and future RAP meet-
ings could involve creating a scoring system for other
deck types. Decks in condition rating CR 4 or below
were screened out to automatically have 24-month
inspection interval based upon the level of deterioration
and likelihood of reaching the failure condition during
the next inspection interval.

2.2.3 Consequence Factor

Consequence factor was determined for the damage
mode of deck corrosion by the RAP. The panel was
split on whether deck corrosion had a Moderate or
High consequence, as shown in Table 2.3. Discussion

TABLE 2.3
RAP Results: Consequence Factor for Deck Corrosion

Deck: Corrosion Consequence

Low Moderate High Severe
1 Participant 1 90 10 — —
2 Participant 2 30 40 20 10
3 Participant 3 — 50 50 —
4 Participant 4 — 10 40 50
5 Participant 5 — 40 60 —
6 Participant 6 — 90 10 —
7 Participant 7 10 50 40 —
8 Participant 8 — 40 60 —
9 Participant 9 — 20 80 —

0.14 0.39 0.40 0.07

The consequence of this damage mode is moderate/high

centered around whether the damage occurred on the
top of the deck in the form of potholes, or whether the
corrosion occurred on the underside of the deck as
spalling. Traffic volume and feature intersected were
also considerations. A bridge with potholes would have
a higher consequence on a high-speed high-volume
roadway than on a low-speed low-volume roadway.
Additionally, spalls from the deck underside could pose
a safety hazard to the public underneath the bridge. A
bridge over a roadway would have a higher conse-
quence than a bridge over a non-navigable waterway.
The RAP consensus was that deck corrosion did not
have an exclusive consequence factor and was largely
dependent upon site specific conditions at each bridge.

2.3 Steel Superstructure

Damage modes, attributes, and consequence factors
were determined by the RAP for steel superstructure
bridges in the state of Indiana. Corrosion, fatigue, and
fracture were established as the primary damage modes.
Attributes included condition of the joints, exposure
environment, and fatigue detail category. The conse-
quence factor was assumed to be either Moderate or
High depending on site specific conditions at the bridge.
Fracture critical bridges were not included in the steel
superstructure discussion.

2.3.1 Damage Modes

RAP members listed corrosion/section loss, impact,
overload, fatigue cracking, fracture, and bearing failure
as damage modes for steel superstructures. After
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discussion, impact damage was determined to be an
attribute for fracture and not a damage mode. Bearing
failure and overload were initially listed as damage
modes, but RAP members considered them Ilow
likelihood events. Bearing failure and overload were
therefore not deemed credible damage modes, and
removed from the list. The three primary damage
modes were agreed to be corrosion/section loss, fatigue
cracking, and fracture.

2.3.2 Attributes and Scoring

Based on the steel superstructure damage mode of
corrosion/section loss, attributes and their relative
importance were determined by the RAP panel. These
are summarized in Table 2.4 and were integrated into
the NCHRP 12-82 risk framework (Washer & Connor,
2014). Existing section loss, joint condition, and
exposure environment were determined to have a high
degree of severity. The degree of severity and max score
columns correlated the RAP consensus importance
with the points assigned to that attribute. For example,
the exposure environment was assigned a high degree of
severity. Indiana climate regions can be divided into
approximately three sections: the northern climate with
significant snowfall and application of de-icing chemi-
cals, the southern climate with milder winters but
humid summers, and the middle climate with a com-
bination of the two. Climate conditions are favorable
for corrosion in the entire state, so all bridges were
awarded points with differences based upon location.
The northern climate consists of the LaPorte and Fort
Wayne districts, and bridges in these regions received
the maximum number of points, twenty. Crawfordsville
and Greenfield are the two middle districts, and bridges
in these regions received fifteen points. Bridges in the

TABLE 2.4
Attributes for Steel Superstructure Corrosion

southern districts of Vincennes and Seymour received
ten points.

Three screening attributes were identified: type of
deck, existing section loss, and current condition rating.
Bridges with timber or open decks allow water to drain
on the superstructure and increase the rate of corrosion.
These types of bridges would require additional analysis
before a risk approach could be implemented. Addi-
tionally, bridges exhibiting advanced section loss were
screened out of the inventory. The advanced deteriora-
tion was a warning sign that the bridge required extra
monitoring. Steel superstructures in condition rating CR
4 or below were screened out to automatically have 24-
month inspection interval based upon the level of
deterioration and likelihood of reaching the failure
condition during the next inspection interval.

Based on the steel superstructure damage mode of
fatigue cracking, attributes and their relative impor-
tance were determined by the RAP panel. These are
summarized in Table 2.5 and were integrated into the
12-82 risk framework. Existing fatigue cracks, presence
of repaired cracks, existing distortion induced cracks,
fatigue detail, and average daily truck traffic were
determined to have a high degree of severity. The
degree of severity and max score columns correlated the
RAP consensus importance with the points assigned to
that attribute. For example, the fatigue detail category
was assigned a high degree of severity. Bridges with
fatigue detail Category E or E’ were assigned the
maximum point value of twenty points. A bridge with
fatigue detail Category D was assigned fifteen points,
and bridges with fatigue Category A, B, B’ or C were
assigned zero points. The Indiana RAP grouped fatigue
Category C with the A and B details because experience
showed that cracking in Category C details was not
observed to be an issue in Indiana.

Similar Items

in NCHRP Degree of Max
12-82 Attributes High Medium Low Remote Screening  Severity  Score
— Type of deck X
C.17 Coating type/ No coating/ Effective coating M 15
condition ineffective
C.21 Existing section Significant amount Moderate amount Minor amount No active X H 20
loss of corrosion of corrosion of corrosion corrosion
C4 Adequate drainage Drains onto Adequate M 15
superstructure drainage
C.5 Maintenance cycle No maintenance Regular M 15
maintenance
C.7 Condition of joints Open joints/failed  Leaky joints New joints Jointless bridge H 20
joints
D.6 Year of 2000 or before 2000+ M 15
construction
L.1 ADTT (functional >2500 <100 L 10
class)
L.3 Exposure Northern districts Central districts Southern H 20
environment districts

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2014/11 13



TABLE 2.5
Attributes for Steel Superstructure Fatigue Cracking

Similar Items in Degree of

NCHRP 12-82 Attributes High Medium Low Remote  Screening Severity Max Score
C.18 Existing fatigue cracks Yes No X H 20
C.18 Presence of repaired cracks Yes No H 20
C.18 Existing distortion induced cracks Yes No H 20
D.16 Fatigue detail E/E’ D C/B/A H 20
D.6 Year of construction <1975 1976-1984  1985-1993 1994+ M 15
L.1 ADTT (functional class) >2500 <100 H 20

The presence of active fatigue cracks due to primary
stresses was the screening attribute identified for the
steel superstructure damage mode of fatigue cracking.
Active fatigue cracks in elements due to primary
stresses can propagate quickly and lead to failure of
the steel beam. Retrofitting the fatigue cracks before
using the risk method was recommended.

Discussion on the steel superstructure damage mode
of fracture occurred; however attributes and their
relative importance were not specifically determined
during the RAP meeting. The primary change from the
12-82 methodology was for the attribute of average
daily truck traffic. The importance was reduced from a
high degree of severity to a medium degree of severity,
and the maximum point cutoff changed from 1,000
ADTT to 2,500 ADTT. Bridges with over 2,500 ADTT
received the maximum point score of fifteen points. The
attributes with a high degree of severity were year of
construction and previous impact history. Prior to 1975
a fracture control plan for bridges did not exist.
Therefore, bridges built pre-1975 are potentially more
susceptible to fracture, and received twenty points.
Newer bridges received fewer points because material
properties, such as toughness, and design methods have
improved over time. One design improvement was the
elimination of details susceptible to constraint induced
fracture, such as those found in the Hoan Bridge.
Bridges constructed after 2009 have a very slight risk of
fracture and received zero points. Screening attributes
for the damage mode of fracture were not identified.

2.3.3 Consequence Factor

Consequence factor was determined for the damage
mode of steel girder cracking by the RAP. In the worst
case scenarios, the RAP decided damage modes of
corrosion, fatigue, and fracture led to the loss of one
load bearing member through brittle fracture. The
panel determined the consequence was High as shown
in Table 2.6. Discussion centered on structural redun-
dancy and the effect to the traveling public caused by a
lane or shoulder closure. Situations where the con-
sequence factor could be reduced to Moderate were
also debated. Items of consideration were spacing of the
beams, feature carried, feature intersected, engineering
analysis, and past experience. Redundant bridges on
rural roads over non-navigable waterways were ideal
candidates to be rated as a Moderate consequence,

14

because experience showed the structural capacity of
the bridge was expected to remain adequate for service
loading, and there was a small effect on the traveling
public. The RAP consensus was that loss of a load
bearing member has a High consequence, unless
structural analysis or engineering experience allowed
the consequence factor to be reduced to Moderate.

2.4 Prestressed Superstructure

Damage modes, attributes, and consequence factors
were determined by the RAP for prestressed super-
structure bridges in the state of Indiana. Flexural/shear
cracking, corrosion, and strand fracture were estab-
lished as the primary damage modes. Important
attributes included current condition rating, joint
condition, and exposure environment. The consequence
factor was assumed to be either Moderate or High
depending on site specific conditions at the bridge.

2.4.1 Damage Modes

RAP members listed corrosion, bearing area damage,
flexural/shear cracking, and strand fracture as damage
modes for prestressed superstructures. After discussion,
bearing area damage was eliminated as a damage mode
because RAP members considered bearing area damage
to be a low likelihood event. In Indiana, experts expect
bearings to last the life of the bridge because historically,
inspection intervals have not needed to be adjusted
based upon bearing seat issues. The three primary

TABLE 2.6
RAP Results: Consequence Factor for Loss of a Steel Girder

Steel Girder: Loss of a Member Capacity Consequence

Low Moderate High Severe
1 Participant 1 10 30 50 10
2 Participant 2 — — 80 20
3 Participant 3 10 60 30 —
4 Participant 4 — 30 60 10
5 Participant 5 10 70 10 10
6 Participant 6 — 30 70 —
7 Participant 7 — 30 70 —
8 Participant 8 20 50 30 —
9 Participant 9 20 50 30 —

0.08 0.39 0.48 0.06

The consequence of this damage mode is high
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TABLE 2.7
Attributes for Prestressed Superstructure Corrosion

Similar Items in

Degree of Max

NCHRP 12-82 Attributes High Medium Low Remote Screening  Severity Score

C.1 Current CR 4 or less CR 5/6 CR 7+ H 20
superstructure
condition

C.8 Existing corrosion = Significant amount Moderate amount Minor amount No active X H 20
damage of corrosion of corrosion of corrosion  corrosion

D.11 Concrete cover <1.5" 1.5"-2.5" 2.5"+ H 20

D.12 Reinforcement Not epoxy coated Epoxy coated M 15
type

D.18 Bad end detail Strand exposed to Not exposed to L 10

environment environment

L.3 Exposure Northern districts Central districts Southern H 20
environment districts

— Delayed ettringite Poor materials Acceptable X
formation materials

damage modes were agreed to be corrosion, flexural/
shear cracking, and strand fracture.

2.4.2 Attributes and Scoring

Based on the prestressed superstructure damage
mode of corrosion, attributes and their relative
importance were determined by the RAP panel. These
are summarized in Table 2.7 and were integrated into
the 12-82 risk framework. Current superstructure
condition, existing corrosion damage, concrete cover,
and exposure environment were determined to have a
high degree of severity. The degree of severity and max
score columns correlated the RAP consensus impor-
tance with the points assigned to that attribute. For
example, reinforcement type was assigned a medium
degree of severity. Uncoated carbon steel was deter-
mined to increase the likelihood of corrosion propaga-
tion, and received the maximum point value of fifteen.
Epoxy coated reinforcement was considered to be a
beneficial attribute and was assigned a point value of
zero. However, epoxy coating on both the reinforcing
steel and prestressing steel was considered unfavorable
and would result in points being awarded.

Three screening attributes were identified: existing
corrosion damage, delayed ettringite formation (DEF),
and current superstructure condition rating. Bridges that
exhibit advanced corrosion were screened out of the
inventory because they require additional monitoring.
Poor materials may have resulted in concrete that has

TABLE 2.8
Attributes for Prestressed Superstructure Shear Cracking

delayed ettringite formation. While the extent of the
problem in Indiana is not known, bridges that do display
DEF are screened out and repaired. Prestressed super-
structures in condition rating CR 4 or below were
screened out to automatically have a 24-month inspec-
tion interval based upon the level of deterioration and
likelihood of reaching the failure condition during
the next inspection interval. A potential screening
criteria would be bridges with an adjacent box beam
superstructure because RAP members expressed multi-
ple inspection related concerns about aging adjacent
box beams.

Based on the prestressed superstructure damage
mode of flexural/shear cracking, attributes and their
relative importance were determined by the RAP panel.
These are summarized in Table 2.8 and were integrated
into the 12-82 risk framework. Load posting status was
the only attribute determined to have a high degree of
severity. The degree of severity and max score columns
correlated the RAP consensus importance with the
points assigned to that attribute. Likelihood of over-
load had a low degree of severity, and was typically
determined by identifying roads where permit loads
travel. Bridges on roads that regularly carry permit
loads have a high likelihood of overload and were
assigned ten points. A moderate likelihood of overload
consisted of bridges that occasionally carried permit
loads and were given five points. Bridges that were
not expected to carry permit loads received zero points.
No screening attributes were identified for the pre-

Similar Items in

Degree of Max

NCHRP 12-82 Attributes High Medium  Low Remote Screening Severity Score
D.2 Load posting Posted Not posted H 20
D.6 Year of construction <2000 >2000 L 10
L4 Likelihood of overload High likelihood Low likelihood L 10
C.14 Flexural cracking Cracks>0.006 No cracking L 10

inches wide
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TABLE 2.9
RAP Results: Consequence Factor for Prestressed Girder Strand
Corrosion

Prestressed Strand Corrosion

Low  Moderate  High Severe
1 Participant 1 — — 50 50
2 Participant 2 — — — 100
3 Participant 3 — 20 50 30
4 Participant 4 — 0 70 30
5 Participant 5 — 40 60 —
6 Participant 6 — 10 80 10
7 Participant 7 — 30 60 10
8 Participant 8 — 40 50 10
9 Participant 9 — 40 60 —
10 Participant 10 — 30 70 —
11 Participant 11 — 30 50 20

0.00 0.22 0.55 0.24

The consequence of this damage mode is high

stressed superstructure damage mode of flexural/shear
cracking.

The prestressed superstructure damage mode of
strand fracture was briefly discussed. Attributes and
relative importance determined during the Oregon RAP
meeting were presented to the Indiana RAP. Members
of the Indiana RAP decided to adopt the attributes and
relative importance from the Oregon RAP, with a
minor change to the attribute “presence of repaired
areas.” Presence of repaired areas was considered to
have a low degree of severity instead of a medium
degree of severity. Therefore, bridges with a significant
amount of repaired areas were given ten points, bridges
with moderate amount of repaired areas received six
points, and bridges with a minor amount of repaired
areas were scored at three points. Bridges with no
repaired areas received zero points. No screening
criteria were established.

2.4.3 Consequence Factor

Consequence factor was determined for the damage
mode of prestressed strand corrosion by the RAP. In
the worst case scenarios, the damage modes of
corrosion, shear/flexural cracking, and strand fracture
lead to girder cracking and the loss of one load bearing
member. The panel determined the consequence was
High as shown in Table 2.9. Discussion was similar to
the steel superstructure consequence factor. Structural
and public safety was the first consideration. Structural
capacity of the bridges was expected to remain
adequate. Feature under was also a consideration
because spalled concrete from the prestressed beam
could create a safety concern for the traveling public
under the bridge. The short-term consequence and
effect of a lane or shoulder closure were also studied.
An Indiana document titled “Interstate Congestion
Policy” clarified impacts of lane and shoulder closures
based upon the roadway classification, time of day, and
traffic volume. This document was recommended as an

aid to assess the short-term consequence. Situations
where the consequence factor could be classified as
Moderate were also discussed. Similar to steel super-
structure bridges, rural low-volume bridges over non-
navigable waterways were ideal candidates for the
reduction in consequence factor based upon engineer-
ing experience and structural analysis. The RAP
consensus was that loss of a load bearing member
had a High consequence, unless structural analysis or
engineering experience allowed the consequence factor
to be reduced to Moderate.

2.5 Concrete Superstructure

The RAP did not specifically determine damage
modes and attributes for reinforced concrete super-
structures. However, similarities existed between steel,
prestressed and concrete superstructures that allowed
the risk assessment to be customized. Concrete super-
structure damage modes considered were bearing area
damage, corrosion between beam ends, flexural crack-
ing, and shear cracking. Bearing area damage was
viewed by the RAP to be a low likelihood event and
therefore eliminated as a damage mode. Additionally, if
an attribute was previously analyzed by the RAP, the
attribute carried through to the rating for concrete
superstructure. For example, maintenance cycle was an
attribute that applied to the damage mode of pre-
stressed superstructure corrosion. Because the concrete
superstructure also had a damage mode of corrosion,
the determined attribute properties were applied to
concrete superstructures as well. Table 2.10 lists the
attributes that were changed from NCHRP 12-82 to be
consistent with previous Indiana RAP determinations.

Similar to the consequence factor for prestressed
superstructures, the consequence factor for concrete
superstructures was High. Structural capacity was
expected to remain adequate for service loads, and
falling debris from the beam could affect the safety of
the public beneath the bridge. Short-term consequence
varied depending on feature carried and traffic volume.
Structural analysis or engineering experience could
allow a reduction in the consequence factor to
Moderate for certain bridges.

2.6 Substructure

The RAP did not specifically determine damage
modes and attributes for substructures. However,
similarities existed between the previously rated bridge
components that allowed the risk assessment to be
customized. The damage mode considered for the
substructure was corrosion. Important attributes
included joint condition, exposure environment, and
current substructure condition rating. Table 2.11 lists
the attributes that were changed from NCHRP 12-82 to
be consistent with previous Indiana RAP determina-
tions. The RAP only addressed damage modes and
attributes associated with concrete substructures and
future RAP meetings could involve creating a scoring

16 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2014/11



TABLE 2.10
INDOT Specific Attributes for Concrete Superstructure

Similar Items NCHRP INDOT
in NCHRP 12-82 Degree Degree of Max
12-82 Attributes High Medium Low Remote of Severity Severity Score
C.5 Maintenance No maintenance Washing/sealing H M 15
cycle
C.11 Presence of Significant Moderate Minor amount of No repaired areas M L 10
repaired amount of amount of repaired areas
areas repaired areas repaired areas
C.13 Efflorescence/  Efflorescence Moderate Minor efflorescence No efflorescence H M 15
staining with rust efflorescence without rust
staining staining
L4 Likelihood of  High likelihood Low likelihood M L 10
overload
TABLE 2.11
INDOT Specific Attributes for Substructure
Similar Items NCHRP 12- INDOT
in NCHRP 82 Degree of Degree of Max
12-82 Attributes High Medium Remote Severity Severity Score
C.5 Maintenance No maintenance Washing/sealing H M 15
cycle
C.11 Presence of Significant Moderate Minor amount of  No repaired areas M L 10
repaired areas amount of amount of repaired areas
repaired areas repaired areas
C.13 Efflorescence/ Efflorescence Moderate Minor efflorescence No efflorescence H M 15
staining with rust efflorescence without rust
staining staining
D.11 Concrete cover  <1.5" 1.5"-2.5" 2.5"+ H M 15

system for other substructures types, such as pile bents
or MSE walls.

Consequence factor was determined for the damage
mode of pier corrosion by the RAP. The consensus was
that pier corrosion had a Moderate consequence, as
shown in Table 2.12. Site specific conditions such as
feature under, feature carried, and traffic volume could
change the consequence to Low or High. For example,
a substructure spall from a bridge spanning a non-
navigable waterway on short piers would have a lower
consequence than a flyover bridge spanning an inter-
state. The former is not a safety concern for the
traveling public, while a spall from the latter could fall
onto the interstate and pose a safety hazard. It was not
expected that pier corrosion would cause bridge
collapse. Ultimately, the RAP consensus was that
substructure corrosion could have a consequence factor
of Low, Moderate, or High dependent upon site
specific conditions at each bridge.

2.7 Indiana RAP Summary

The Risk Assessment Panel (RAP) meeting was a
consensus-based expert elicitation approach utilized to
develop an Indiana specific risk-based inspection
approach. The Indiana RAP was composed of
INDOT personnel and industry consultants. Using an

expert elicitation process, RAP members identified
credible damage modes for concrete decks, steel super-
structures, and prestressed concrete superstructures.
Concrete superstructures and substructures were not
specifically addressed in this meeting. Relevant design,
condition, loading and screening attributes were
identified and ranked for importance. This ranking
(high, medium, or low) was used to establish a

TABLE 2.12
RAP Results for Pier Corrosion Consequence Factor

Pier Corrosion

Low Moderate High Severe
1 Participant 1 50 50 —
2 Participant 2 90 10 — —
3 Participant 3 50 30 20 —
4 Participant 4 — 80 20
5 Participant 5 70 30 —
6 Participant 6 60 40 —
7 Participant 7 10 30 50 10
8 Participant 8 10 40 40 10
9 Participant 9 — 100 — —
10 Participant 10 50 50 —
11 Participant 11 60 30 10 —

0.20 0.43 0.34 0.04

The consequence of this damage mode is moderate
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preliminary scoring method to determine occurrence
factor. Consequence factors for the determined damage
modes were also identified by the Indiana RAP. After
the meeting, the information was analyzed and
organized into scoring models. Back-casting, which
involved monitoring deterioration progression through
historical data and comparing the results with the risk
approach, was used to evaluate the safety and effec-
tiveness of the RAP specific risk model.

3. BACK-CASTING STUDY RESULTS

To evaluate that the risk-based procedure could
establish a safe and effective inspection interval, a
process called back-casting was performed. Back-
casting involved monitoring deterioration progression
through historical data, and then comparing the results
with the risk approach. Two trials for back-casting in
Indiana were performed. The first trial used the general
criteria set out by the NCHRP 12-82 study. The second
trial occurred after the Indiana RAP meeting, and used
the criteria developed during the Indiana RAP meeting.
The overall inspection intervals determined from both
trials for all bridges were identical. Therefore, only the
back-casting analysis with the Indiana specific criteria
will be described. An overview of the procedure and
analysis will be presented, followed by three back-
casting examples. Overall, there were no cases where a
bridge deteriorated to a serious condition during the
inspection intervals as a result of the proposed
procedures.

3.1 Back-Casting Overview and Source of Data

After completing the expert elicitation process, the
risk criteria, damage modes, and attributes from the
Indiana RAP meeting were evaluated and compiled.
Using the results from the RAP, the methodology was
then revised to be best aligned with the bridge inventory
in Indiana. Validation of the revised procedures was
performed through a process called back-casting. Data
for the back-casting process was acquired from the
Indiana Department of Transportation’s historical
bridge inspection record databases.

3.1.1 Back-Casting Concept

The back-casting process involved using historical
inspection records to monitor the deterioration of a
sampling of bridges, and then comparing the deteriora-
tion progression with the inspection interval predicted
by the proposed risk method. For example, using
inspection data from 1980 for a given bridge, the risk
procedures herein were applied. If the inspection
interval determined was six years, the next back-casting
assessment would occur in 1986. Then, the historical
inspection reports (e.g., from 1986) would be used as a
“check” that no major deficiencies or deterioration
occurred or were not accounted for by the RBI
procedure during the extended six year interval. The

process would then be repeated for the life of the
bridge. This approach would effectively reveal the
adequacy or shortcomings of the approach, allow for
calibrated adjustments, and increase confidence in the
risk procedure overall.

3.1.2 Overview of Data Used

Obtaining historical inspection data was a critical
component of accurate back-casting. Historical inspec-
tion reports for over sixty bridges were acquired, and
after compiling the inspection data, thirty-six bridges
were determined to have sufficient historical informa-
tion to accurately complete a back-casting assessment.
The data was stored in three different formats: micro-
film, the Electronic Records Management Software
(ERMS) database, and the Bridge Inspection Appli-
cation System (BIAS) database.

3.1.2.1 Microfilm. To obtain inspection data from
1980 to 2000, selected bridges were found in the
microfilm roll index. Once the proper roll and
inspection report were located, individual reports were
printed to pdf. Early inspection reports typically
consisted of four pages and had sections for general
information, deck, superstructure, substructure, channel
& channel protection, culvert & retaining wall, estimated
remaining life, approach alignment, rated loading,
appraisal, and proposed improvements. An area for
comments was also present. Back-casting assessments in
this time frame were made based upon the provided
comments and condition ratings.

As computers became more commonly used in
bridge inspection database management, the inspection
report increased in detail. A typical report from 1992 to
2000 consisted of ten pages, with the sections men-
tioned above plus the addition of paint condition,
scour/erosion, critical features, district priority, struc-
tural details, collision damage, actions taken, and
roadway management data. Individual components of
the bridge such as bolts, splice plates, welds, and hanger
bars were given a condition rating. Pictures, if taken,
were not included in the archived reports. Back-casting
assessments in this time frame utilized this added data.

3.1.2.2 ERMS Database. From around 2000 to 2008,
the computerized ERMS database was used to collect
inspection data for Indiana bridges. These reports
included individual component condition rating
assessments, as well as a large section for comments.
They were typically eight pages in length. Photos were
taken with these reports; however, they were not
included in the electronic file. Therefore, back-casting
assessments in this period relied upon inspector
comments and condition ratings.

3.1.2.3 BIAS Database. The current database used to
collect inspection data is BIAS. Detailed inspection
reports are over 50 pages long and include multiple
pages of pictures. Each major component has a section
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for inspector comments. Commentary, condition
ratings, and visual evidence from pictures were
utilized for back-casting.

3.2 Indiana Bridge Inventory

Thirty-six bridges were selected for use in the back-
casting study. Bridges were randomly selected based
upon superstructure type, geographical region, and
current condition rating to create a representative sample.
The distribution of superstructure types was nearly an
even split between steel, reinforced concrete, and
prestressed concrete. Table 3.1 shows the breakdown.

Each geographical district in Indiana was repre-
sented. However, incomplete historical inspection data
from certain districts made it difficult to have an equal
distribution between the districts. Locations of the
bridges used in back-casting can be seen in Figure 3.1,
and the distribution between districts is reported in
Table 3.2. Bridges that had progressed to condition
rating CR 3 or CR 4 were used to ensure that an
adequate bridge history existed, and to ensure that the
risk procedure captured the deterioration.

3.3 Inspection Intervals

Maximum inspection intervals were determined
based on a risk matrix. Each damage mode was
considered individually, with a distinct occurrence
factor and consequence factor. Entering the risk matrix
with the occurrence factor and consequence factor
determined the inspection interval. The damage mode
with the shortest inspection interval was the controlling
factor for that bridge. In some cases, the controlling
factor changed as the bridge aged, e.g., initially, deck
cracking may have controlled and then as the bridge
deteriorated, superstructure corrosion may have con-
trolled. A summary on how the occurrence factor,
consequence factor, and inspection intervals were
determined for the back-casting procedure follows.

3.3.1 Determining the Occurrence Factor

To determine the occurrence factor, credible damage
modes for each bridge component were first estab-
lished. Then, attributes were associated with each
damage mode, and given a point value based upon
their relative importance as established by expert
elicitation. The greater the number of points a bridge
received, the higher the occurrence factor.

TABLE 3.1
Distribution by Superstructure Type for Back-Casting

Superstructure Type Number of Bridges

Reinforced Concrete 13
Steel 12
Prestressed Concrete 11

8Chicago

SFort\Wayne

ndianapolis

C_Louxsw!le

Figure 3.1 Geographical distribution of Indiana bridges for
back-casting study.

An application within Microsoft Excel was created
for this research to facilitate conducting multiple risk
assessments during the back-casting process. Damage
modes and attributes from the RAP meeting were
selected and organized along the left side of the
spreadsheet. On the right side of the spreadsheet, point
values for the various attributes were recorded, and
once completely entered, the occurrence factor was
calculated automatically. The spreadsheet enabled the
first assessment for each bridge to be performed in 30
minutes, and subsequent assessments to be performed
in 15 minutes. The time savings comes from previously
coded and unchanging design attributes such as
material type, concrete cover, and environment of the
bridge. In the future, more advanced software pro-

TABLE 3.2
Distribution by District for Back-Casting Study

District Number of Bridges

Crawfordsville
Fort Wayne
Greenfield
LaPorte
Seymour
Vincennes

W W N o
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Corrosion Between Beam Ends -- Concrete Girder Score Score
Attribute Points 2008 2012
C.1 Current Condition Rating
Current rating is S or below 20 20 20
Current rating is 6 5
Current rating is 7+ 0
C.5 Previously Impacted
Bridge has been previously impacted 20
Bridge has not been previcusly impacted 0 0 0
C.8 Corrosion Induced Cracking
Significant corrosion induced cracking 20
Moderate corrosion induced cracking 10 10
Minor corrosion induced cracking 5 )
No corrosion induced cracking 0
C.9 General Cracking
Widespread or severe cracking 15 15 15
Moderate cracking present 10
Miner er no cracking 0
C.10 Delaminations
Unknown 20
Significant (>20% by area) delamination 20 20
Moderate (5-20% by area) delamination 10 10
Minor, localized (<5% by area) 5
No delamination present 0
C.11 Presence of Repaired Areas
Significant amount of repaired areas 15
Moderate amount of repaired areas 10
Minor amount of repaired areas 5
Mo repaired areas 0 0 0
C.12 Presence of Spalling
Significant spalling (=10% by area with 20 20
exposed rebar or strands)
Moderate spalling (greater than 1 inch
deep or 6 inches diameter exposed 15 15
reinforcement)

Figure 3.2 Example screen from a software application demonstrating a damage mode and attributes for the risk assessment.

grams could be developed, and possibly attached to the
current database as a tool to enable efficient bridge risk
assessments.

A portion of the excel spreadsheet utilized in this
study is shown in Figure 3.2. The figure displays the
damage mode of corrosion between beam ends for a
concrete girder, and some of the attributes and point
values associated with it. Assessments from 2008 and
2012 are shown. For this bridge, it can be seen that an
increase in deterioration in the form of spalling and
delaminations resulted in an increase in the points
recorded. In this specific case, the occurrence factor for
the damage mode of corrosion between beam ends was
increased from Moderate in 2008 to High in 2012 due
to the increase in spalling and delamination present.
However, any increase in received points does not
automatically correspond to an increase in occurrence
factor.

3.3.2 Determining the Consequence Factor

Expert elicitation was used to determine the con-
sequence factor for all of the damage modes. Immediate
consequence looked at the safety aspect of a scenario,
while the short-term consequence reflected the service-
ability aspect. Both immediate and short-term con-
sequences were considered when making an assessment.
In-depth information about the immediate and short-
term consequence can be found in Chapter 3.

The experts at the Indiana RAP agreed that the
consequence factors depended primarily on the bridge’s
traffic volume, feature carried, feature under, presence
of stay-in-place forms, redundancy, composite action,
and load carrying capacity. In general, a higher traffic
volume would indicate a higher overall consequence
because of the short-term consequence. For example,
closing a shoulder or lane on an interstate would create
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a greater impact than closing a shoulder or lane on a
rural highway.

Additionally, from a consequence perspective, bridges
over roadways were treated differently than bridges over
non-navigable waterways. Falling debris from bridges
over roadways could create a safety issue to the people
beneath the bridge, while falling debris from bridges over
non-navigable waterways would not be expected to
present a safety hazard to the traveling public. Therefore,
the Indiana RAP decided that bridges over roadways
and multi-use paths would automatically have a High
consequence for components of the bridge that could fall
onto the public below. Non-composite bridges are also
included in this category. Bridges over non-navigable
waterway and railroads were considered to have a Low
or Moderate consequence factor based upon traffic
volume and feature carried.

Redundancy was another consideration in the
consequence determination. While typical redundant
highway bridges are the emphasis for the proposed risk
procedure, the risk assessment has potential application
for fracture critical bridges. Fracture critical bridges
receive the highest consequence factor, Severe, because
the immediate consequence is assumed to be structural
collapse. In general, bridges that meet the AASHTO
criteria for superstructure redundancy will have either a
High or Moderate consequence factor for the super-
structure. Redundant bridges are expected to have
adequate structural capacity after the loss of a load
bearing member, and if documented experience or
engineering analysis exists as supporting evidence, the
immediate consequence can be reduced to Moderate.

Ultimately, the consequence factor is a combination
of the immediate and short-term consequence. Imme-
diate consequence encompasses structural and public
safety, while short-term consequence includes service-
ability and effects to the traveling public. Maintenance
and repair costs were not directly considered. Deter-
mining the consequence factor for back-casting fol-
lowed the guidance set out by expert elicitation and the
Indiana RAP.

3.3.3 Determining the Inspection Interval

The inspection intervals were determined through the
use of a risk matrix. Figure 3.3 show the typical
highway bridge risk matrix used for the back-casting
analysis. Consequence factor is along the x-axis, and
the occurrence factor is along the y-axis. The figure also
illustrates the applicable inspection interval based upon
the occurrence factor and the consequence factor.

3.4 Back-Casting Examples

To further clarify the back-casting process, three
examples are presented. The first example is a 56 year old
steel superstructure bridge located in a southern district.
Next is a 38 year old concrete superstructure bridge
located in a northern district, and the third is a 50 year
old prestressed bridge also located in a northern district.

High 48 24 24
months | months | months
Moderate 48 48 24 24
g months | months | months | months
=]
<
«
= 48 24
L
g months | months
2
S
3
5 Reiists 96 48 48
months months | months
Low Moderate High Severe

Consequence Factor

Figure 3.3 Risk matrix for Indiana back-casting.

3.4.1 Bridge Number.: 165-14-04218B

Bridge number 165-14-04218B is a four-span contin-
uous steel beam structure with reinforced concrete
approach spans and a concrete cast-in-place deck located
in Clark County, Indiana. Built in 1958, it carries a two
lane road with an average daily traffic (ADT) of 400
vehicles per day, and spans across I-65 which has an
approximate ADT of 19,500 vehicles per day. Rivets and
bolts are both present in the superstructure. With a
clearance of 14'—07", the bridge also has a history of
impact damage. The substructure is concrete. Condition
ratings in 2012 were CR 6 for the deck, CR 3 for the
superstructure, and CR 7 for the substructure.

3.4.1.1 Occurrence Factor. Two major considerations
for the occurrence factor were fatigue and fracture.
The bridge was fabricated prior to the industry-wide
development of the fracture control plan (FCP) and
was designed prior to the inclusion of fatigue provisions
in the AASHTO (then AASHO) specifications. Hence,
bridges from this period are expected to be more
susceptible to fatigue and fracture. Major attributes
for fatigue were age, connection type, fatigue detail
category, and average daily truck traffic (ADTT). This
bridge received points in all categories, and had a
Moderate occurrence factor for the fatigue damage
mode. Fracture was the second major consideration,
and had a Moderate and then a High occurrence factor;
previous impact history, vertical clearance, and year of
construction were the major considerations. When
cracking in the girder from an impact was discovered,
the increase in points awarded resulted in a High
occurrence factor. Overall, fatigue and then fracture
controlled the likelihood of failure for this bridge.

3.4.1.2 Consequence Factor. The consequence
scenario considered for the deck was spalling. From
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Figure 3.4 Views of bridge 165-14-0218B.

this damage mode, the immediate consequence factor
was Moderate. Metal forms on the bridge prevent spalled
concrete from the bottom of the deck from reaching the
roadway. Additionally, the top of the deck was con-
sidered to present a minimal safety concern to the
traveling public based upon the low ADT. Short-term
and serviceability concerns were also rated as Moderate.
A lane closure or speed reduction on the bridge would
moderately impact traffic. Therefore, considering both
immediate and short-term effects, the consequence factor
for the deck was determined to be Moderate.

The consequence scenario considered for the super-
structure was the loss of a primary load bearing member.
The immediate consequence was considered to be High.
The bridge is a multi-girder redundant bridge by
AASHTO standards, so the structural capacity was
expected to remain adequate. If structural analysis or
documented experience existed for this bridge, it may be
possible to reduce the immediate consequence factor to
Moderate. It was not expected that the structure would
collapse. Short-term consequence considered the effect
of closing a lane on the interstate for bridge repair.
Because the interstate has a high traffic volume, the
traveling public would be greatly impacted. Based on
these considerations, the consequence factor for the
superstructure was determined to be High.

Corrosion was the consequence scenario considered
for the substructure. The immediate consequence factor
from spalling concrete was considered to be Moderate.
Falling debris from the structure presents a minimal
safety concern to the interstate due to the proximity.
Short-term consequence was also considered to be
Moderate due to the low traffic volume on the bridge.
Load posting or speed reduction as a result of corrosion

would moderately impact traffic. Therefore, the sub-
structure consequence was Moderate.

3.4.1.3 Interval. Back-casting ratings for this bridge
began in 1982. The inspection interval was consistently
24 months based upon an occurrence factor of
Moderate combined with a consequence factor of
High for the superstructure. The occurrence factor was
Moderate for the fatigue damage mode because the
bridge was fabricated prior 1975, was connected with
rivets, had Category D fatigue details, and had an
unknown remaining fatigue life. The average daily truck
traffic (ADTT) on the bridge was less than one-hundred
vehicles per day, so the traffic attribute did not
contribute to the score. The fatigue damage mode
controlled the inspection interval from 1982-1992.
Then, in 1993, inspectors noticed cracking in the steel
girders as a result of previous impacts, and fracture
became the controlling damage mode for the occurrence
factor. The impact damage can be seen in the right
picture of Figure 3.4. The attributes that contributed to
the High occurrence factor were: the presence of cracks
in the girders, a fabrication date prior to 1975, a vertical
clearance less than 15 feet, material that was not high
performance steel, previous impacts, and an unknown
fatigue life. Again, ADTT was an attribute that related
to fracture, but did not score because of the low traffic
volume on the bridge. The Moderate occurrence factor
combined with the High consequence factor resulted in
a 24-month inspection interval. The dates of the
historical inspection reports and their corresponding
inspection intervals can be seen in Table 3.3. Even with
different controlling damage modes, the risk method
recommends an inspection interval of 24 months.

TABLE 3.3

Inspection intervals for bridge 165-14-04218B

Year 1982 1984 1986 1988 1993 1994 1996 1998
Inspection Interval 24 months 24 months 24 months 24 months 24 months 24 months 24 months 24 months
Year 2000 2002 2003 2005 2007 2009 2011 2012
Inspection Interval 24 months 24 months 24 months 24 months 24 months 24 months 24 months =24 months
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Figure 3.5 Risk matrix for bridge 165-14-04218B.

As an example, the risk matrix for the assessment
from 2012 is illustrated in Figure 3.5. Overall, the
inspection interval is 24 months based upon the
controlling damage mode of fracture with a High
occurrence factor and a High consequence factor. The
damage modes of fatigue and superstructure corrosion
have a Moderate occurrence factor and a High
consequence factor, which is a 24-month inspection
interval. Deck and substructure corrosion both have a
Low occurrence factor and a Moderate consequence
factor, which would indicate a 72-month inspection
interval. However, the deck and substructure damage
modes do not control the inspection interval for this
bridge. Therefore, the recommended 2012 inspection
interval for this bridge based upon the risk methodol-
ogy is 24 months.

3.4.2 Bridge Number: 45-28-03529

Bridge number 45-28-03529 is a three-span contin-
uous reinforced concrete slab structure with a concrete
cast-in-place deck located in Greene County, Indiana
(see Figure 3.6). Built in 1946, it carries a two lane road
with an ADT of 2600 vehicles per day, and intersects
Doan’s Creek. The substructure is concrete and scour is
not a concern. Condition ratings as of 2012 are CR 4
for the deck, CR 4 for the superstructure, and CR 4 for
the substructure.

3.4.2.1 Occurrence Factor. The progression of
corrosion was the major consideration for the
occurrence factor. Main attributes for corrosion were
age, concrete mix design, concrete cover, reinforcement
type, exposure environment, presence of cracks, and
current condition. As the bridge corroded over time, the
likelihood of failure increased from Low to High. The
methodology tracked the deterioration and indicated
increasing risk of failure with increasing corrosion.

Figure 3.6 View of bridge 45-28-03529.

3.4.2.2 Consequence Factor. The consequence
scenario considered for the deck was spalling. From
this damage mode, the immediate consequence factor
was Low. The bridge does not have metal forms for
the deck; however, falling debris from the bottom of
the deck will drop into a non-navigable waterway. The
safety of the public is unaffected. Additionally, the top
of the deck was considered to present a minimal safety
concern to the traveling public based upon the low
ADT. Short-term and serviceability concerns were also
rated as Low. A lane closure or speed reduction on the
bridge would have a minor impact on traffic. Therefore,
considering both immediate and short-term effects, the
consequence factor for the deck was determined to be
Low.

The consequence scenario considered for the super-
structure was the loss of a primary load bearing
member. The immediate consequence was considered
to be Moderate. The bridge is a multi-girder redundant
bridge by AASHTO standards, so the structural
capacity was expected to remain adequate. It was not
expected that the structure would collapse. Addi-
tionally, like the deck, falling spalled concrete would
not affect the safety of the public because the feature
intersected was a non-navigable waterway. Short-term
consequence considered the effect of closing a lane on
the road for bridge repair. Because of the low traffic
volume, the traveling public would be minimally
impacted. Based on these considerations, the conse-
quence factor for the superstructure was determined to
be Moderate.

Corrosion was the consequence scenario considered
for the substructure. The immediate consequence factor
from spalled concrete was considered to be Low.
Falling debris from the structure does not present a
safety concern to the traveling public because the bridge
spans a non-navigable waterway. Short-term conse-
quence was also considered to be Low due to the traffic
volume on the bridge. Minor serviceability concerns
may require maintenance. Therefore, the substructure
consequence was Low.
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TABLE 34
Inspection Intervals for Bridge 45-28-03529

Year 1980 1982 1985 1987 1990 1993 1997
Inspection Interval 72 months 72 months 72 months 72 months 48 months 48 months 48 months
Year 1999 2001 2002 2004 2008 2010 2012
Inspection Interval 48 months 48 months 48 months 48 months 48 months 24 months 24 months

3.4.2.3 Interval. Back-casting ratings for the bridge
began in 1980 and the inspection interval determined was
72 months (see Table 3.4). Corrosion was the controlling
damage mode with an occurrence factor of Low. This
was based upon design and loading attributes such as
age, ADTT, and material type. Condition attributes
included delaminations, general cracking, presences of
repaired areas, and presence of spalling. Because the
bridge was in good condition, there was little dete-
rioration and the condition attributes did not add to the
occurrence factor score. In 1986, the inspection interval
remained at 72 months; however, the bridge was
beginning to show small signs of corrosion, especially
in the substructure. The assessment in 1990 revealed
continuing substructure corrosion which caused an
increase in the occurrence factor to Moderate and a
reduction of the inspection interval to 48 months.
Corrosion in the deck and superstructure progressed
to a Moderate occurrence factor in 1997. The slowly
progressing corrosion in all three bridge components was
the controlling damage mode for the next 20 years.
During this time, the bridge did decrease in NBI
condition rating as shown in Figure 3.7. However, the
risk method does not attempt to predict or track the
change in condition ratings, and looks at the likelihood
of failure and the consequence of failure. Therefore,
changes in condition rating do not always coincide with
changes in inspection intervals, though the relationship
can be complex. In 2010, the inspection interval dropped
to 24 months based upon the superstructure corrosion
damage mode. There was significant spalling, delami-
nation, cracking, and efflorescence exhibited by the
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reinforced concrete girders. In addition, the condition
rating of the deck and superstructure dropped to CR 4.
This is a screening condition in the methodology, and
automatically recommends a 24-month inspection
interval for the bridge because there is a decrease in the
reliability of the bridge component. Overall, as the
bridge deteriorated, the inspection interval decreased.

As an example, the risk matrix for the assessment
from 2012 can be seen in Figure 3.8. Currently, the
maximum inspection interval is 24 months based upon
the controlling damage mode of superstructure corro-
sion with a High occurrence factor and a Moderate
consequence factor. Substructure corrosion has a
Moderate occurrence factor and a Low consequence
factor resulting in a 48-month inspection interval, while
deck corrosion has a Low occurrence factor and a Low
consequence factor, resulting in a 72-month inspection
interval. The damage modes of shear and flexural
cracking of the superstructure were non-issues for this
bridge, with a Remote occurrence factor indicating they
were not likely to affect the reliability of the bridge as a
whole. Therefore, the recommended 2012 inspection
interval for this bridge in 24 months.

3.4.3 Bridge Number: 55-45-06258 B

Bridge number 55-45-06258B is a three-span pre-
stressed concrete box beam structure with a concrete
cast-in-place deck located in Lake County, Indiana (see
Figure 3.9). Built in 1964, it carries a two lane road
with an ADT of 1700 vehicles per day, and intersects
Singleton Ditch. The substructure is concrete and scour

2000 2005 2010 2015

Figure 3.7 NBI condition rating for bridge 45-28-03529, 1980-2012.
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Figure 3.8 Risk matrix for bridge 45-28-03529.

is not a concern. Condition ratings as of 2012 are CR 3
for the deck, CR 4 for the superstructure, and CR 4 for
the substructure.

3.4.3.1 Occurrence Factor. Corrosion in all com-
ponents of the bridge was the primary consideration for
the occurrence factor. Main attributes for corrosion were
age, concrete mix design, concrete cover, reinforce-
ment type, exposure environment, presence of cracks,
and current condition. Signs of deterioration for the deck
and substructure were cracking, spalling, and efflore-
scence. As time progressed, the superstructure exhibited
corrosion in the forms of cracking and rust staining.
Overall, the corrosion damage mode had the highest
occurrence factor.

3.4.3.2 Consequence Factor. The consequence
scenario considered for the deck was spalling. The
immediate consequence factor was Low based upon
feature under—a non-navigable waterway. Falling
debris from the bottom of the deck is not a safety
concern for the public. The top of the deck was
considered to present a minimal safety concern to the
traveling public based upon the low ADT. Short-term
consequence was also assessed as Low. A lane closure
or speed reduction on the bridge would have a minor
impact on traffic. Therefore, considering both
immediate and short-term effects, the consequence
factor for the deck was determined to be Low.

The consequence scenario considered for the super-
structure was the loss of a primary load bearing
member, and the immediate consequence was consid-
ered to be Moderate. The bridge is a multi-girder
redundant bridge by AASHTO standards, and the
structural capacity was expected to remain adequate.
Similar bridges that have lost a load bearing member
have remained standing. Thus, it was not expected that

* e
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Figure 3.9 View of bridge 55-45-06258B.

the structure would collapse. Additionally, like the deck
and substructure, falling spalled concrete would land in
the non-navigable waterway or unused right-of-way
land. Short-term consequence considered the effect of
closing a lane on the road for bridge repair. Because of
the low traffic volume, the traveling public would be
minimally impacted. Based on these considerations, the
consequence factor for the superstructure was deter-
mined to be Moderate.

Corrosion was the consequence scenario considered
for the substructure, and the immediate consequence
factor from spalling concrete was considered to be Low.
Falling debris from the structure would fall into a non-
navigable waterway and does not present safety
concern to the traveling public. Short-term consequence
was also considered to be Low based upon the low
traffic volume on the bridge. In the event of a lane or
shoulder closure, little or no impact to the traveling
public is expected. Therefore, the substructure conse-
quence was Low.

3.4.3.3 Interval. Back-casting ratings for the bridge
began in 1983, and the inspection interval determined was
72 months (see Table 3.5) based upon the damage mode
of deck corrosion. The Low occurrence factor was
influenced by the moderate exposure environment,
indications of ineffective drainage, the fabrication date,
and the non-high performance concrete mix. The interval
remained at 72 months until 2001, when it decreased to 48
months based upon the damage modes of deck and
substructure corrosion. At that time, the bridge exhibited
moderate corrosion induced cracking, moderate spalling,
moderate delaminations, and multiple repaired areas.
The bridge had multiple potholes in the deck, and
sections of spalling on the substructure. The inspection
interval remained at 48 months through 2009, when the
condition rating dropped to CR 4, effectively screening
out the bridge and assigning a 24-month inspection
interval for reliability reasons. In 2010, the damage mode
of superstructure corrosion had an occurrence factor of
High, which combined with the consequence factor of
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TABLE 3.5
Inspection Intervals for Bridge 55-45-06258B

Year 1983 1987 1989 1991 1993 1995 1997
Inspection Interval 72 months 72 months 72 months 72 months 72 months 72 months 72 months
Year 1999 2001 2007 2009 2010 2012

Inspection Interval 72 months 48 months 48 months =24 months =24 months =24 months

Moderate resulted in a 24-month inspection interval.
Overall, as the bridge deteriorated, the inspection interval
decreased.

The risk matrix for the assessment from 2012 can be
seen in Figure 3.10. Currently, the maximum inspection
interval is 24 months based upon the controlling
damage mode of superstructure corrosion that has a
High occurrence factor and a Moderate consequence
factor. Deck and substructure corrosion both have a
Moderate occurrence factor combined with a Low
consequence factor for a 48-month inspection interval.
Strand fracture in the superstructure has a Low
occurrence factor and a Moderate consequence factor,
for a 72-month inspection interval. Flexural and shear
cracking were not concerns for this bridge, with a
Remote occurrence factor and a Moderate consequence
factor. Overall, the damage mode of superstructure
corrosion controls the interval, and the risk procedure
recommends a 24-month inspection interval.

3.5 Back-Casting Summary

Back-casting evaluated the safety and effectiveness of
the risk procedure for determining suitable inspection
intervals up to 72 months for typical highway bridges.
A representative sample of thirty-six Indiana bridges
was considered, and there were no cases where a serious
progression of damage would have been missed as a
result of the proposed methodology. Fourteen of the
thirty-six bridges had an inspection interval of 72
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Substr.
corrosion
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Remote
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Figure 3.10 Risk matrix for bridge 55-45-06258B.
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months at some point during the back-casting process
and twenty-one bridges had a 48-month interval at
some point during the process. Bridges in poor
condition were assigned inspection intervals of 24
months. In addition, no unexpected or sudden changes
to the NBI condition rating were noted during the risk-
based inspection interval. In some cases, bridges in
good condition ratings had short inspection intervals
assigned based upon risk factors not revealed through
condition rating alone. Based upon the successful back-
casting evaluation performed, risk-based inspection
intervals up to 72 months appear to be safe, effective,
and implementable for the state of Indiana using the
criteria developed during the RAP meeting.

4. FAMILIES OF BRIDGES

Families of bridges were created to recognize the
similarity of design, condition, and loading attributes in
the risk process. Bridges in a family have similar
damage modes and are expected to deteriorate in the
same fashion at nearly the same rate. Multiple families
for the Indiana inventory are proposed. An evaluation
of the Indiana inventory was also conducted to
determine the inspection intervals for the proposed
families. The concept of bridge families, surrogate data,
proposed families of bridges for the Indiana inventory,
applications for RBI in Indiana, and an implementa-
tion strategy are explored.

4.1 Concept and Process

A family of bridges is a group of bridges with similar
design, condition, and loading attributes that are
expected to deteriorate with the same damage modes
at approximately the same rate. Families can be
determined based upon a number of characteristics.
For example, bridges built before the implementation
of the fracture control plan have different design
parameters than bridges built after and could be
grouped accordingly. Bridges can also be grouped
based upon superstructure type, geographical location,
environment, date built, maximum span length, or any
combination of attributes. The key is to identify bridges
that are expected to behave in nearly identical manners
during the inspection interval.

Creating families of bridges can increase the effi-
ciency of determining inspection intervals. Bridges with
similar attributes in similar environments are likely to
have the same occurrence factor. Therefore, the
occurrence factor for a family can be calculated once
per cycle and assigned to the entire family. If desired,
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the families could also include criteria for consequence
factor. Then, the inspection interval would be known
for an entire family based upon the determined
occurrence factor and consequence factor. For exam-
ple, perhaps the RAP decided that prestressed box
beam superstructures built after 2000 have similar
attributes and can be considered a family. Then, if it is
assumed the occurrence factor is Low, bridges with a
Moderate consequence, such as those over non-navig-
able waterways or carrying a rural highway, would
have an inspection interval of 72 months. As the
occurrence factor changes based upon the inspection
data, the inspection interval would also change. The
inspection report from every bridge would need to be
reviewed; however, each bridge would not need to have
an individual risk assessment, unless the inspection
report revealed unusual damage or rapid deterioration.

Determining families of bridges occurs at the owner
level during the RAP meeting. Familiarity with the
bridge inventory and typical deterioration patterns is
essential to effectively create families of bridges. RAP
members determine critical attributes that can be used
to identify bridges with similar deterioration expecta-
tions, and group bridges. Sometimes, not all informa-
tion is known about a bridge and surrogate data, or
data that can be used to infer a required piece of
information, is used to supplement the existing data.
Families can range in size; however, creating small
families may not be as efficient as creating larger
families for rating purposes. Ultimately, the RAP
should decide upon families of bridges that are feasible
and practical for their inventory.

4.2 Surrogate Data

To improve the efficiency of risk analysis for families
of bridges, surrogates for the attributes can be
considered. Surrogate data is specific data that can be
used to infer or determine a required piece of
information for the risk assessment. For example, any
bridge designed and built after the implementation of
the AASHTO Fracture Control Plan in 1974 can be
inferred to have steel that meets certain toughness
requirements and that meets modern fatigue provisions.
This information was inferred from the date of
construction only and did not require a plan review.

Year of construction is a useful surrogate. From year
of construction, the fatigue and fracture resistance of
the bridge can be inferred based upon whether the
bridge was designed before or after the implementation
of the AASHTO Fracture Control Plan. Bridges
designed after the plan was enacted are expected to
have a higher resistance to fatigue and fracture events.
Variation in materials and fracture toughness exist in
bridges built before 1975 that may decrease reliability.
Ultimately, this results in a higher occurrence factor
based upon the scoring process. The year of construc-
tion is also a surrogate for concrete cover. In 1970, the
recommendation for clear concrete cover was two
inches. Greater uncertainty for depth of cover exists

in bridges built prior to 1970. The 2002 AASHTO
standards require a minimum of 2.5 inches of concrete
cover for uncoated reinforcing steel. Therefore, depend-
ing on when the bridge was built, the concrete cover can
be inferred.

Current condition rating can also be used as
surrogate for condition attributes. Based upon the
subjective condition rating statements found in the
NBIS, the current level of bridge component deteriora-
tion can be inferred. For example, bridges in condition
rating CR 9 are expected to be in virtually new
condition. Bridges in condition rating CR 8 have no
noted problems, and bridges in CR 7 have some minor
problems. The description for condition rating CR 6
includes minor deterioration. Therefore, for the risk
assessment, it can be inferred that bridges in CR 7 or
better have no deterioration or have very minor
deterioration and are awarded the lowest level of points
for condition attributes.

As a clarification, inspection intervals are not
assigned based upon the current condition rating of
the bridge and do not always change when the
condition rating changes. For example, deciding to
assign all steel bridges in condition rating CR 7 on a
longer interval than CR 6 does not take into account
the design and loading attributes as well as the
likelihood of failure and is therefore not recommended.
The risk process is based upon expert elicitation and
engineering rationale that considers the condition of the
elements, design characteristics, loading characteristics,
the likelihood of damage, and the consequences of
damage. While current condition rating can be used as
a surrogate, it is not the only influential factor in
determining inspection interval.

4.3 Proposed Families

Many bridges in the Indiana inventory have similar
design characteristics. Based upon key attributes and
the scoring method developed by the RAP, families of
bridges can be developed. A family includes bridges
with similar attributes that are expected to deteriorate
in a similar fashion at a similar rate. The following
families were identified for Indiana.

4.3.1 High Rated

Bridges currently in good condition e.g., condition
rating CR 9, CR 8, or CR 7, can be inferred to have no
deterioration or very minor deterioration. The condi-
tion attributes are therefore awarded the lowest level of
points. A family of bridges that have high condition
ratings can be useful to group together because a low
likelihood of failure and a Low occurrence factor is
expected. Bridges with the following characteristics are
considered a part of this family:

Deck condition rating CR 7 or better
Superstructure condition rating CR 7 or better
Substructure condition rating CR 7 or better
Built in 1975 or after
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® Not fracture critical
® Not scour critical
® No impact damage

Bridges in condition rating CR 9 are expected to be in
virtually new condition, while bridges in condition rating
CR 8 have no noted problems, and bridges in CR 7 have
some minor problems. The description for condition
rating CR 6 includes minor deterioration. For the risk
assessment, it can be inferred that bridges that have all
components in CR 7 or better have no deterioration or
very minor deterioration and are therefore awarded the
lowest level of points for condition attributes. As a result,
most bridges in CR 9, CR 8, or CR 7 have a Low
occurrence factor. Design and loading attributes must
also be considered; therefore not all bridges in good
condition rating have an extended inspection interval. The
key deciding attributes for whether the bridge will fall into
the High Rated Family of bridges are described below.

Year built is the first key attribute. Over the years,
design specifications have adapted and improved with
the growing civil engineering knowledge base. The
modern fatigue design provisions were incorporated in
1975; thus, bridges designed prior to 1975 potentially
have an increased likelihood of fatigue issues. Fracture
toughness requirements were also implemented in 1975.
In 1994, the design specifications changed from load
factor design (LFD) to load and resistance factor design
(LRFD). This change was intended to increase
reliability in bridge design. Consequently, bridges built
prior to 1975 were not included in this family.

Fracture critical and scour critical bridges have
established and separate inspection procedures from
typical highway bridges. Fracture critical bridges
require a hands-on inspection, and the inspection
interval can be determined using the approach presented
in the NCHRP 12-87 study, or can be determined using
a calendar-based approach. Scour critical bridges
require a plan of action to be developed to monitor
and mitigate the damage. Because of the individualized
nature of the required inspections, fracture critical and
scour critical bridges were not included in this family.

Impact damage can increase the likelihood of failure
by decreasing resistance to fracture for steel girders or
compromising the concrete cover on concrete girders.
Bridges previously impacted can also be assumed to
have an increased probability of another impact.
Vertical clearance is a key attribute relating to impact
damage. Thus, bridges with impact damage were not
included in this family.

Combining the occurrence factor and the conse-
quence factor in the risk matrix determines the overall
inspection interval. Bridges with the above criteria have
a Low occurrence factor, and the consequence factor
determines the inspection interval in accordance with
the risk matrix, as shown in Table 4.1.

4.3.2 Low Rated

Another family of bridges consists of the low-rated
bridges. Low rated bridges are those that have any

TABLE 4.1
Inspection Intervals for High Rated Family of Bridges

High Rated Family of Bridges

Occurrence Factor Consequence Factor Inspection Interval

Low Low 72 months
Low Moderate 72 months
Low High 48 months
Low Severe 24 months

component in condition rating CR 4 or below. These
bridges exhibit an advanced rate of deterioration and
are increasingly likely to reach a failed state within the
inspection interval. Therefore, low rated bridges can be
grouped together and assigned a High occurrence
factor. The consequence factor for the bridge deter-
mines the appropriate inspection interval, with Severe
consequence bridges having a 12-month interval, High
and Moderate consequence bridges having a 24-month
interval, and Low consequence bridges having a 48-
month interval. Bridges in CR 3 will be screened to
have an inspection interval of 24 months or less.
Bridges with the following characteristics are consid-
ered a part of this family:

® Deck or superstructure or substructure condition rating
CR 4 or below

® Not fracture critical

® Not scour critical

4.3.3 Fatigue Susceptible Steel Bridges

Steel superstructure bridges with the following
attributes are controlled by the damage mode of
fatigue:

® Built before 1975

® Riveted or welded connections

® Fatigue Category D, E, or E’ details
* ADTT>500

® Finite fatigue life

Age is the first consideration for fatigue controlled
assessments. Prior to 1975, fatigue design was based on
principles not generally appropriate for welded struc-
tures. The modern fatigue provisions were incorporated
into AASHTO Specifications in 1974. Therefore,
bridges constructed before 1975 may be more suscep-
tible to fatigue cracking than those constructed in or
after 1975.

The Indiana inspection report notes whether bolts,
rivets, or welds were used for connections. The fatigue
category can be inferred from this data. For example,
bridges with welded gusset plates have, at best,
Category E details. Generally, poor fatigue details
indicate bridges where fatigue cracks are more likely to
develop.

The average daily truck traffic (ADTT) is a key
attribute related to potential fatigue damage. For steel
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girders, research has shown that trucks produce the
majority of fatigue damage in highway bridges.
Therefore, bridges with high ADTT will accumulate
fatigue damage at a faster rate than low ADTT bridges,
and have a higher probability of fatigue damage. The
Indiana RAP determined a cutoff of 500 trucks per day
for use in determining the fatigue family.

Fatigue life is the last consideration to determine if
fatigue considerations control the occurrence factor. If
a bridge with the above attributes was designed to have
an infinite fatigue life or was calculated to have an
infinite fatigue life, the occurrence factor is Moderate.
Bridges with a finite remaining fatigue life have a High
occurrence factor.

Combining the occurrence factor and the conse-
quence factor determines the overall interval. Based
upon the risk matrix, a combination of Moderate
occurrence factor and High consequence factor has a
maximum overall inspection interval of 24 months.
Bridges with a Moderate occurrence factor and a
Moderate consequence factor would have a maxi-
mum overall interval of 48 months. In contrast, bridges
with a High occurrence factor have a maximum in-
spection interval of 24 months for both Moderate and
High consequence factors. Therefore, the majority of
bridges in this family have a 24-month inspection
interval.

4.3.4 SR 25 Hoosier Heartland Corridor

The Hoosier Heartland project created a new four-
lane limited access highway linking Lafayette and
Logansport to replace the existing two-lane rural high-
way. Bridges were constructed between 2009 and 2013.
SR 25 overpass bridges can be grouped as a family, and
SR 25 mainline bridges can be grouped according to
feature under.

4.3.4.1 SR 25 Overpass Bridges. Bridges constructed
during the Hoosier Heartland project over State Road
25 between Lafayette and Logansport can be
considered a family. These bridges were constructed
within a few years of each other using the same design
characteristics, materials, construction processes, and
span over a four-lane divided highway. Many overpass
bridges along SR 25 were built in 2009 or later and have
three spans with a continuous prestressed concrete T-
beam superstructure and concrete cast-in-place deck.
The deck has epoxy coated reinforcing steel and a
concrete wearing surface. It carries an average daily
truck traffic of 100 vehicles per day, and has a
maximum span length around 120 ft. Bridges with the
following characteristics are in this family:

® Continuous prestressed concrete superstructure

® Concrete cast-in-place deck with epoxy coated reinfor-
cing steel

Spans SR 25

Built in 2009 or after

ADTT<500

No construction defects

The State Road 25 family also currently meets the
High Rated family characteristics. Bridges are currently
in condition rating CR 8 or CR 9, were built after 1975,
are not fracture critical or scour critical, and have no
impact damage. Therefore, the occurrence factor is
Low. The INDOT determined consequence factor for
redundant composite bridges over highways where
falling debris may reach the roadway is High and
applies to this scenario. Based upon these factors and
the risk matrix, the risk-based inspection interval is
48 months.

4.3.4.2 SR 25 Mainline Bridges. Mainline bridges
along the newly constructed SR 25 are varied in design,
material type, and feature under. Superstructures
range from steel girders to prestressed concrete I-
beams to prestressed concrete T-beams. The main-
line bridges also have a variety of features under
including county roads, railroads, and waterways. It is
impractical to group the SR 25 mainline bridges into a
single family.

Bridges can however be grouped according to feature
under. Mainline bridges over a roadway can be grouped
together as a family. In the current condition, the
bridges fall into the High Rated family as well, and
have a Low occurrence factor. Because they are over a
roadway, the consequence factor is High. Therefore,
the overall inspection interval based upon the risk
matrix is 48 months. Bridges in good condition
spanning a waterway would have a Low occurrence
factor and Moderate consequence factor. These can
also be grouped as a family. Based upon the risk
matrix, the inspection interval would be 72 months.

4.3.5 I-69 Southern Corridor

The I-69 project created a new four-lane limited
access highway between Evansville and Indianapolis.
Multiple overpass and mainline bridges were con-
structed beginning in 2009 and continuing through
the present (2014). 1-69 overpass bridges and I-69
mainline bridges can be considered as families.

4.3.5.1 I-69 Overpass Bridges. Bridges constructed
over the I-69 corridor between Evansville and In-
dianapolis can be considered a family. These bridges
were constructed within a few years of each other us-
ing the same design characteristics, materials, and
construction processes, and span over a four-lane
divided highway. Many overpass bridges along I1-69
were built in 2009 or later and have two spans with
continuous prestressed concrete T-beam superstructure
and concrete cast-in-place deck. The decks have epoxy
coated reinforcing steel and a concrete wearing surface.
They carry an average daily truck traffic of less than
1000 vehicles per day, and have a maximum span length
around 115 ft. Bridges with the following chara-
cteristics are considered a part of this family:
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® Continuous prestressed concrete superstructure
Concrete cast-in-place deck with epoxy coated reinfor-
cing steel

Stay-in-place forms present

Spans 1-69

Built in 2009 or after

ADTT<1000

No construction defects

The 1-69 overpass bridges also currently meet the
High Rated family characteristics. Bridges are in current
condition rating CR 8 or CR 9, were built after 1975, are
not fracture critical or scour critical, and have no impact
damage. Therefore, the current occurrence factor is
Low. The INDOT determined consequence factor for
redundant composite bridges over highways where
debris may reach the roadway is High and applies to
this scenario. Stay-in-place forms prevent spalled
concrete from the underside of the deck from falling
onto the roadway; however, spalled concrete from the
beams may reach the roadway. Based upon these factors
and the risk matrix, the current risk-based inspection
interval is 48 months.

4.3.5.2 1-69 Mainline Bridges. Mainline bridges along
the newly constructed southern portion of 1-69 can be
considered a family. These bridges share many of the
same attributes including date built, material types,
traffic volume, and design features. Many mainline
bridges were built in 2009 or after and have prestressed
concrete T-beam superstructures. The decks are con-
crete cast-in-place with epoxy coated reinforcing steel.
Maximum span lengths are between 100 and 150 feet,
and the bridges carry around 2500 trucks per day.
Bridges with the following characteristics are considered
part of this family:

® Prestressed concrete T-beam superstructure

® Concrete cast-in-place deck with epoxy coated reinfor-
cing steel

® Carries 1-69

® Built in 2009 or after

® No construction defects

Mainline [-69 bridges also currently meet the
characteristics for the High Rated family. The bridges
are in current condition rating CR 8 or CR 9, and were
built after 1975. In addition, the bridges are not fracture
critical or scour critical and span over waterways, such
that impact is not a concern. Therefore, the current
occurrence factor is Low. The INDOT determined
consequence factors for bridges carrying an interstate
are either High or Severe. In the event of failure, the
multi-girder redundant structures are expected to retain
structural capacity. Short-term consequence of a lane
closure may be High or Severe based upon the traffic
volumes and the lane closure policy. With a Low
occurrence factor and a High consequence factor, the
risk matrix gives a maximum inspection interval of 48
months. For a Low occurrence factor and a Severe
consequence factor, the inspection interval would be to
be 24 months.

4.4 Current Indiana Bridge Inventory Application

An evaluation of the state-owned Indiana bridge
inventory was conducted using data from the Bridge
Inspection Application System (BIAS) database and
the developed criteria for the families of bridges. Data
used in this evaluation was from January 2014, with a
total bridge count of 6,095 state-owned bridges in
Indiana. Because the inventory is constantly evolving,
with new bridges being added and inspection reports
being updated, the presented values may not be exact.
However, a general picture of the current bridge
inventory can be clearly seen from the evaluation.

Fracture critical and scour critical bridges make up
approximately 2% and 1%, respectively, of the state-
owned Indiana bridge inventory. These bridges are
effectively screened out from the risk methodology to
account for the special considerations required to
maintain safety and serviceability. Considerations
include inspection type, mitigation plans, and the severe
consequence of failure. A separate risk-based metho-
dology for fracture critical and scour critical bridges
could be implemented in the future.

The High Rated family of bridges includes 20% of
the Indiana inventory. This value includes the SR 25
and [-69 families of bridges. Of these 20%, 7% have an
inspection interval of 48 months. These are bridges with
a Low likelihood factor and High consequence factor
such as those over another roadway. The remaining
13% have an inspection interval of 72 months based
upon a Low likelihood factor and a Low or Moderate
consequence factor. A typical bridge in this category
carries a low to moderate volume road over a water-
way. Bridges in this family have favorable character-
istics and are currently rated in good condition. In
addition, these bridges fall into the useful life section of
the bathtub model and, with proper maintenance, are
expected to have multiple extended inspection intervals.

The Low Rated Family of bridges consists of
approximately 4% of the Indiana inventory. Bridges
in this family have advanced deterioration and a High
likelihood of failure within the inspection interval.
Therefore, bridges are assigned a 24-month interval to
ensure safety and serviceability. Bridges in this family
are in the wear-out portion of the bathtub curve. One
goal of the risk methodology is to prevent bridges from
reaching a low rated condition by identifying damage
modes that require maintenance or repairs during the
inspection. These specific areas can be addressed
individually and the overall risk can be decreased.

The Fatigue Susceptible family of bridges consists of
around 8% of the Indiana inventory. Bridges in this
family have attributes that make the bridge susceptible
to fatigue damage and have a High likelihood of failure.
Therefore, the risk process recommends a 24-month
inspection interval. During the inspection, inspectors
need to check thoroughly for propagating fatigue
cracks to maintain the safety of the bridge. In general,
these are some of the older bridges in the inventory, and
are connected using rivets or welds. Condition ratings

30 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2014/11



range from poor to good, and as older bridges are
rebuilt to modern standards, this family will shrink in
size. Ultimately, the poor fatigue attributes, and not the
condition rating, control the inspection interval for this
family of bridges.

The SR 25 and I-69 families of bridges can be used as
a case-study to evaluate the risk-based inspection
procedures in real-time. The risk model could be
implemented and evaluated for these bridges before
being applied to the entire inventory, and any potential
problems could be identified and solved. Inspections
would still need to be performed in accordance with the
biennial inspection law, but the risk procedure could be
used simultaneously. For future communications with
the public, these families can also be used as proof-of-
concept to demonstrate the increase in safety, service-
ability, and the optimization of inspection resources.

Overall, the risk methodology can have an immediate
positive impact on bridge inspection intervals in Indiana.
Approximately 20% of the inventory can have extended
intervals based upon the performed family analysis and
the risk methodology. These bridges are the easily
identified as belonging in the High Rated family and
can be considered the top part of the inventory. These
bridges would have an inspection interval of 48 or 72
months. The middle part of the inventory consists of
individual bridges that require assessment to determine
inspection intervals. It is expected that many of these
bridges will also have extended inspection intervals of 48
or 72 months, though some bridges may have a 24-month
interval. The bottom 12% of the inventory consists of the
Fatigue Susceptible and Low Rated Families, and bridges
in this section have an inspection interval that would
remain at 24 months. Based upon the case studies of
sample bridges performed in Indiana, 21 of the 36 bridges
evaluated had extended inspection intervals during their
lifespan. If this trend carries over to the entire inventory,
up to 60% of Indiana state-owned bridges could have
extended intervals when the risk methodology is used.
Indiana would immediately benefit from the implementa-
tion of a risk-based bridge inspection program.

4.5 Summary

Families of bridges have similar damage modes and
are expected to deteriorate in the same fashion at nearly
the same rate. Proposed families for the Indiana state-
owned bridge inventory include the High Rated family,
the Low Rated Family, the Fatigue Susceptible family,
the SR 25 families, and I-69 families. An evaluation of
36 bridges in the Indiana inventory was conducted, and
21 of those 36 bridges (60%) had extended inspection
intervals at some point during the lifetime of the bridge.
Implementation of the risk-based inspection practices
will need to overcome political, organizational, and
developmental challenges. However, with the proposed
implementation plan, the payoffs of increased safety,
increased reliability, and increased optimization of
inspection resources are well within reach.

5. IMPLEMENTATION PLAN

5.1 Barriers to Implementation

The implementation of the risk-based inspection
procedures may be a challenge in the short-term, but
has outweighing payoffs in terms of increased safety,
increased reliability, and increased efficiency of inspec-
tions in the long term. Challenges that exist are
political, organizational, and developmental in nature.

Modifying the existing inspection system will present
a political challenge. The current legislation require-
ments, including the CFRs, currently mandate a 24-
month inspection interval with an option for 48 months.
This prevents a risk-based methodology from being
fully implemented, and will require modification of the
CFRs. The technical audience is likely to recognize the
benefits of a more rational system; however, the non-
technical audience may be difficult to convince that
decreasing the number of inspections for certain bridges
will actually result in an overall increase in safety and
serviceability. Therefore, it must be emphasized that the
objective is not just to extend intervals, but rather select
the most appropriate interval using risk-based proce-
dures. As a result, some bridges should have longer
intervals while some should be shorter (i.c., less than 24
months). Further, extending the intervals of some
bridges will allow identification of and more time to
be spent during inspection on the deterioration modes
with the greatest risk. This would be possible within the
framework of the proposed RBI process.

Risk-based inspections present a modest organizational
challenge. Compared to a calendar based approach, risk-
based inspection requires additional engineering to com-
plete. Inspection personnel and organizational structures
may need to be rearranged to better fit the new
methodology. Reorganizing inspection reports to better
reflect the information required for the new methodology
may be necessary. Personnel with suitable experience and
knowledge will also be required to effectively conduct the
assessments. This will require training on the key elements
of the methodology. Finally, a system that organizes the
bridge inventory by required inspection date is needed to
ensure bridges are inspected at the proper time.

Developing infrastructure and technology to support
risk-based inspections is another potential challenge.
Current inspection forms may require modification to
include additional information needed for an effective
risk assessment. New inspection programs may need to
be developed to condense condition reports, track
inspection intervals, and record comments. Technology
can simplify the implementation of the risk methodol-
ogy once developed. Integration of risk-based inspec-
tion into the new element level inspection requirements
will work well because the added data collected from an
element level inspection will be directly utilized.

5.2 Implementation Strategy

A strategy to implement risk-based inspection in
Indiana is comprised of a short-term and long-term
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plan, and consists of four steps: (1) perform additional
case studies, (2) develop training modules, (3) develop
communications strategies, and (4) develop software.

5.2.1 Short-Term Implementation

The first step in the implementation process would
be to perform additional case studies. The 36 eval-
uated bridges in the study demonstrate the overall
effectiveness of the risk-based procedure. Additional
studies can fine-tune the procedure, test the applica-
tion limits of the risk methodology, identify imple-
mentation challenges, and provide additional data on
transitioning. Additional case studies would also
provide baseline data and build further confidence in
the procedure.

To effectively implement the risk-based methodol-
ogy, additional data would need to be collected dur-
ing the on-site inspection or from bridge plans. Data
would include basic design information as well as
quantifying deterioration. Items to specifically note
would include:

® Minimum concrete cover: Deck, superstructure, and
substructure

® Spalling: Percent spalled and percent of exposed reinfor-

cing bar by area

Delamination.: Percent delaminated by area

Efflorescence: Presence and quantity of rust staining

Joint Condition: Quantity of leakage

Likelihood of Overload: Expectation of overload on route

Creating families of bridges will also aid in the short-
term implementation by grouping bridges of similar
design, loading, and condition characteristics together.
Bridges currently in the proposed High-Rated family of
bridges could be the first to have the extended intervals
implemented to 48 months as allowed by the FHWA. It
is not expected that the risk-based methodology will be
implemented overnight; rather, the process will take a
number of years as the calendar-based approach is
phased out and the assessments for the risk-based
approach are performed.

TABLE 5.1
Proposed Training Modules for Inspectors (Two-Day Course)

5.2.2 Long-Term Implementation

Developing training modules for RAP members and
inspectors would be necessary for successful long-term
implementation of the risk methodology. Training
modules and methods developed for the Indiana RAP
meeting were proven to be effective, and provide a
foundation for more formal training in the future.
These modules include the theory and approach for
RBI planning, deterioration and risk theory, and
methodologies for expert elicitation. Hence, much of
the needed training has been developed. However, it
would need to be supplemented by additional detailed
case studies.

RAP members provide objective expertise on the
local inventory away from political and management
pressures (e.g., political pressure to extend intervals
only to save money). It is imagined that inspector
training will utilize the existing two-week training
course put on by the National Highway Institute
(NHI) as base training, and then include an additional
segment (say a two-day course) for state-specific risk
training. The NHI training modules and Indiana Bridge
Inspection Manual will need to be updated to reflect the
RBI procedures and provide an appropriate level of
technical detail. The emphasis on damage modes is
different from traditional defect detection practices,
and inspectors may need to identify additional inspec-
tion items. For example, increased training to detect
fatigue cracking may include proper lighting and
distance requirements, and thoroughness of the inspec-
tion. Other techniques such as sounding could also be
included. Modules that could be appended to the
current two-week course that specifically relate to RBI
are shown in Table 5.1.

Next, developing communications strategies between
policy makers, INDOT officials, and the general public
is a key element of the implementation plan. For the
risk approach to be successful, the proposed risk
methodology will need to be fully embraced. Policy
makers can implement changes in the bridge inspection
program, and can also block changes. The benefits of

Module I: Background

Topics

Material Covered

Deterioration Mechanisms for Bridges
Fundamentals of Risk Theory and Application to Inspection

Risk Assessments for RBI

Overview of typical deterioration patterns

Background overview of the underlying theories for RBI, risk matrices and
likelihood

RAP process and basis for inspection procedures

Module II: Practices

Understanding the IPN
Inspection Needs, Criteria, and Reporting

Enhanced Inspection Methods for RBI

Required thoroughness of inspection and prioritization of damage modes

Focus and scope of inspections for RBI, access requirements, reassessment
criteria, documentation and reporting requirements.

Technologies and methods for detecting identified damage modes,
enhanced methods for RBI, sounding and crack detection
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RBI will therefore need to be clearly communicated
between INDOT and policy makers. Without proper
communication about the risk methodology, a few
potential challenges can be identified. There is potential
for the reallocation of inspection resources to be seen as
a cost saving measure instead of a measure to effectively
ensure bridge safety. If viewed as a cost saving measure,
budget cuts could lead to a reduction in inspection
resources. Additionally, there may initially be some
resistance to increasing inspection intervals because of
historical precedent. It will clearly need to be explained
that lengthening the intervals actually increases safety
and serviceability by focusing inspection resources
where they are most needed. Policy change will need
to be communicated to the general public to retain trust
in the safety of the nation’s bridge systems. Non-
technical publications could describe the approach,
highlight the benefits, and demonstrate the increased
safety and reliability aspects.

Another step in the implementation approach is
software development and integration. Software that
meets the needs of risk-based inspection processes can
be tailored to integrate with the existing system and
allow widespread implementation. The process for
determining occurrence factor can be repetitive, and
therefore lends itself well to software applications.
Families of bridges can be easily identified based upon
the input attributes. The development of software can
also rapidly allow the methodology to be implemented,
and will be essential for implementation efforts to
successful.

6. RESULTS, CONCLUSIONS, &
RECOMMENDATIONS

6.1 Results

The risk-based bridge inspection procedure proposed
in NCHRP 12-82 (Washer & Connor, 2014) was
customized for the state of Indiana. This included the
development of guidelines through the use of expert
elicitation for the occurrence factor, consequence
factor, and attributes for Indiana bridges. The results
of the expert elicitation from the Indiana RAP meeting
can be found in Appendix A. Consequence factor
guidelines and tables can be found in Appendix B. The
benefits and challenges of implementing a risk-based
inspection procedure in Indiana were also investigated.

The Indiana specific risk-based methodology was
evaluated using historical inspection records in a
procedure called “back-casting.” Back-casting involved
monitoring deterioration progression through historical
data, and then comparing the results with the risk
approach. Thirty-six randomly selected bridges from
diverse geographical locations and superstructure types
in Indiana were evaluated using the back-casting
procedure. Appendix C contains a summary of the
results.

Families of bridges were developed for the Indiana
bridge inventory to recognize similarity of design,
condition, and loading attributes in the risk process.

These families included High Rated, Low Rated,
Fatigue Susceptible, SR 25, and I-69 bridges. Each
family was selected based upon similar damage modes,
characteristics, and expected deterioration patterns.
Analysis of the Indiana inventory was conducted to
determine inspection intervals for the families and to
determine the number of bridges in each family.
Training on how to use the RBI system and a
proposed implementation plan was also provided to
Indiana. On-site training occurred during the Indiana
Risk Assessment Panel (RAP) meeting held October
23-24, 2013 in Indianapolis, Indiana. PowerPoints
explaining the concepts and procedures, as well as
workshop booklets and packets were created and
presented to INDOT officials and consultants. The
training guided the development of Indiana specific
damage modes, bridge attributes, and consequence
factors. An implementation plan was also suggested.

6.2 Conclusions

Key conclusions that can be drawn as a result of the
risk-based bridge inspection practices study are:

® Bridge inspection intervals of 48 and 72 months are
suitable for typical highway bridges in Indiana. The
longer intervals did not adversely affect safety and
serviceability based upon the analysis of historical bridge
inspection records.

® Expert elicitation in the form of a Risk Assessment Panel
(RAP) comprised of state and industry experts familiar
with the bridge inventory is an effective method for
determining damage modes, attributes, and consequence
factors.

® Criteria for risk-based inspections were developed in
Indiana including the determination of damage modes,
attributes, and consequence factors for steel, reinforced
concrete, and prestressed superstructure bridges as well
as reinforced concrete decks and substructures.

® Families of bridges for the Indiana inventory were
created and include High Rated, Low Rated, Fatigue
Susceptible, SR 25 bridges, and 1-69 bridges. Families
make the RBI process more efficient by grouping bridges
of similar design, loading, and condition characteristics
that are expected to deteriorate in the same manner at
nearly the same rate.

® Indiana can immediately benefit from the implementa-
tion of risk-based inspection practices. Based upon
families of bridges, 20% of the Indiana inventory can
have extended intervals of either 48 or 72 months.

® During the back-casting evaluation, there were no cases
where a bridge deteriorated to a serious condition during
the hypothetical proposed extended inspection intervals.

® Of the 36 bridges analyzed during the back-casting
process, 21 had extended intervals at some point during
their lifespan.

6.3 Recommendations

There are three main recommendations for future
research. First, additional testing and evaluation
may be needed for the Indiana inventory to support
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implementation and adoption of the risk-based meth-
odology. This could also aid in credibility when
implementing risk procedures on a broader scale. The
second recommendation for future research is the
development of computer software for the RBI process.
Specialized software will enable risk-based procedures
to integrate with the current databases and assist with
widespread implementation. A third suggestion for
future research would be to develop a risk procedure
for atypical bridges including non-redundant members,
complex bridges, bridges with advanced deterioration,
bridges with pile bents, and bridges with MSE walls.
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APPENDICES

APPENDIX A. INDIANA RAP MEETING RESULTS

SUMMARY OF THE RAP MEETING

On October 23-24, 2014, a Risk Assessment Panel (RAP)
workshop for Indiana bridges was held at the INDOT office
located in Indianapolis, Indiana. Discussion centered on identify-
ing key attributes in INDOT’s bridge inventory to better
implement Risk-Based Inspection (RBI) methodologies. The
RBI methodology is a risk-based bridge inspection practice with
the potential for setting inspection intervals from 24 to 72 months
based on a rational risk-based methodology. The methodologies
were originally developed through NCHRP Project 12-82,
Developing Reliability-Based Bridge Inspection Practices, recently
completed by Dr. Glenn Washer of University of Missouri and
Dr. Robert Connor of Purdue University.

Discussion on the first day of the workshop centered on
likelihood analysis. Participants listed possible damage modes for
decks, steel superstructures, and prestressed superstructures.
Examples of damage modes for decks included corrosion and
cracking. The panel also determined attributes of a bridge that
would lead to the damage modes, and ranked them according to
severity. The results are shown in the Likelihood Analysis section
of this summary. Discussion and notes follows the tables for
specific topics addressed at the workshop.

Discussion on the second day of the workshop centered on
consequence analysis. Each participant of the panel ranked the
consequence for the given damage modes such as deck cracking

TABLE A.l1
Deck/Corrosion

and prestressed strand corrosion. Based upon the responses, a
consensus was reached upon the consequence of each damage
mode. The results can be seen in the tables of the Consequence
Analysis section of this summary (Tables A.7 through A.12). A
discussion also occurred about the possibility of integrating
Indiana’s “Interstate Congestion Policy” with the consequence
factors.

DISCUSSION ON LIKELIHOOD

Tables A.1 through A.6 contain the summary of results for the
discussion on likelihood from the Indiana RAP meeting.
Corrosion in concrete decks, section loss and fatigue cracking in
steel superstructures, strand corrosion, steel reinforcing bar
corrosion, shear cracking and bearing seat issues in prestressed
superstructures, and fire incidents and flooding incidents were
discussed and have summary tables contained in this appendix.

The first column in each table describes attributes that are
similar to ones used in the NCHRP 12-82 study. The attribute is
described in the second column. The third through seventh
columns define the different risk levels for that attribute. For
example, a condition rating for a bridge element of CR 5 is high
because it is perceived as the least reliable. A condition rating of 7
or above is considered more reliable and is therefore located in the
low column. The point value for determining the occurrence factor

Similar Items

in NCHRP Degree of Max
12-82 Attributes High Medium Low Remote Screening  Severity Score
C.1 Current deck CR 5 CR 6 CR 7+ H 20
condition
C.11 Presence of repairs Yes No L 10
C.13 Efflorescence/ Efflorescence with Moderate Minor No M 15
leaching rust staining efflorescence efflorescence efflorescence
without rust
staining
C.5 Maintenance cycle No maintenance Washing/sealing H 20
D.11 Concrete cover <1.5" 1.5"-2.5" 2.5"+ M 15
D.12 Reinforcement Not epoxy coated Epoxy coated M 15
type
D.4 Deck drainage Ponding/ineffective Effective M 15
drainage drainage
D.7 Presence of Bituminous No Overlay or M 15
overlay/type without LMC overlay
Membrane
L.1 ADTT (functional >2500—interstate <100—rural M 15
class)
L.3 Exposure Northern districts Central districts  Southern H 20
environment districts
— Composite with X
superstructure
— Construction error X

Discussion & Notes:

1. Screening: Composite with Superstructure—screen out bridges with non-composite decks.

. Screening: Construction Error—screen out bridges with a known construction error.

. Current testing is being performed on the Toll Road with torch applied membranes and asphalt overlays.

2
3. INDOT does not typically place asphalt overlay unless deck is scheduled to be replaced. Asphalt overlay is considered to be unfavorable.
4
5

. Maintenance—cleaning the shoulders and joints is believed to be more effective than bridge washing.
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TABLE A2
Steel Superstructure/Section Loss

Similar Items

in NCHRP Degree of Max
12-82 Attributes High Medium Low Remote Screening  Severity Score
— Type of Deck X S
C.17 Coating type/ No coating/ Effective M 15
condition ineffective coating
C.21 Existing section Significant amount Moderate amount Minor amount No active X H 20
loss of corrosion of corrosion of corrosion corrosion
C4 Adequate drainage Drains onto Adequate M 15
superstructure drainage
C.5 Maintenance No maintenance Regular M 15
cycle maintenance
C.7 Condition of Open joints/failed Leaky joints New joints Jointless H 20
joints joints bridge
D.6 Year of construction 2000 or before 2000+ M 15
L.1 ADTT (functional >2500 <100 L 10
class)
L.3 Exposure environment Northern districts Central districts Southern H 20
districts

Discussion & Notes:

1. Screening—Type of Deck—screen out bridges with timber or open decks.

2. Screening—EXxisting Section Loss—screen out if severe section loss is present.

is also dependent upon the high to remote breakdown, with high
attributes receiving the most points. The degree of severity is
determined by the RAP and is represented where H=high,
M=moderate, and L=low. The max score correlates to the degree
of severity. The max score for a high degree of severity is 20
points, while the max score for a moderate severity is 15 points.
Low degrees of severity have a max score of 10 points.

For example, in the deck/corrosion table (Table A.1), efflor-
escence & leaching is an attribute listed. It is similar to the
condition attribute C.13 found in NCHRP 12-82. The degree of
severity for this attribute was determined to be moderate.
Therefore, the max score is 15 points. To develop the point
system for the occurrence factor, efflorescence with rust staining
was considered to have the highest likelihood of failure, or the
least reliable condition. Bridges exhibiting this condition are given
15 points. On the other end of the scale, bridges with no
efflorescence are considered to have a remote possibility of failure,
and are assigned 0 points. To fill in the middle, moderate
efflorescence is assigned 10 points, while bridges exhibiting minor

process was completed for each attribute and the point framework
for determining inspection interval developed.

Prestressed Superstructure/Bearing Seat Issues

1. INDOT has never adjusted inspection cycles based upon
bearing seat issues; therefore this damage mode has been
removed from consideration.

Bearings are expected to last the life of the bridge.
Elastomeric pads are replaced on occasion. Some main-
tenance on bearings is performed as well.

wN

Fire Incident

1. Inspect immediately after event and 6 months after event to
check for damage.
2. Return to routine inspection cycle if no damage/cracking

efflorescence without rust staining are assigned 5 points. This discovered.

TABLE A3

Steel Superstructure/Fatigue Cracking

Similar Items in Degree of Max

NCHRP 12-82 Attributes High Medium Low Remote Screening Severity Score
C.18 Existing fatigue cracks Yes No H 20
C.18 Presence of repaired cracks Yes No H 20
C.18 Existing distortion induced cracks Yes No H 20
D.16 Fatigue detail E/E’ C/B/A H 20
D.6 Year of construction <1975 1976-1984 1985-1993 1994+ M 15
L.1 ADTT (Functional class) >2500 <100 H 20

Discussion & Notes:

1. Bridges with web gaps are important to track. 90% of these bridges end up forming a fatigue crack.
2. Remaining life calculation may be overly detailed for this type of approach; therefore it was not considered an attribute.
3. Fatigue Detail—Categories C/B/A are remote because experience shows Category C has not presented problems in the past.
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TABLE A4
Prestressed Superstructure/Strand Corrosion

Similar Items in Degree of Max
NCHRP 12-82 Attributes High Medium Low Remote Screening  Severity Score
C.1 Current CR 4 or less CR 5/6 CR 7+ H 20
superstructure
condition
C.8 Existing corrosion  Significant amount Moderate amount Minor amount No active X H 20
damage of corrosion of corrosion of corrosion  corrosion
D.11 Concrete cover <1.5” 1.5"-2.5" 2.5"+ H 20
D.12 Reinforcement type Not epoxy coated Epoxy coated M 15
D.18* Bad end detail Strand exposed to Not exposed to L 10
environment environment
L.3 Exposure Northern districts Central districts Southern H 20
environment districts

Discussion & Notes:

1. Screening—Existing Corrosion Damage—screen out bridges with severe corrosion damage.

2. Potential Screening Criteria—Bridges with delayed ettringite formation (DEF). Poor materials with a lot of cracking may need to be replaced
immediately.

3. Potential Screening Criteria—Bridges with adjacent box beams superstructure.

TABLE A.5
Prestressed Superstructure/Rebar Corrosion within the Span
Similar Items in Degree of Max
NCHRP 12-82 Attributes High Medium Low Remote Screening  Severity Score
L.3 Exposure Northern districts ~ Central Southern H 20
environment districts districts
C.6 and C.21 Previously impacted Collision damage: Collision damage: X H 20
& active corrosion Severity 4 severity 0
D.11 Concrete cover <1.5" 1.5"-2.5" 2.5"+ H 20
D.12 Reinforcement type  Not epoxy coated Epoxy coated M 15

Discussion & Notes:

1. Potential screening criteria: bridges that have been impacted repeatedly.

2. Epoxy coated rebar has the potential to be damaged when placed. This would limit effectiveness.

3. INDOT has not previously coated prestressing strands. Having both prestressing strands and reinforcement epoxy coated is unfavorable.

TABLE A.6
Prestressed Superstructure/Shear Cracking
Similar Items in Degree of Max
NCHRP 12-82 Attributes High Medium Low Remote Screening Severity Score
D.2 Load posting Posted Not posted H 20
D.6 Year of construction <2000 >2000 L 10
L4 Likelihood of overload High likelihood Low likelihood L 10

Discussion & Notes:
1. The criteria proposed by Oregon DOT for shear cracking were found to also apply to Indiana.
2. Likelihood of overload is typically determined by identifying roads where permit loads travel.
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TABLE A.7 TABLE A.10

Overlay Debonding Prestressed Strand Corrosion
Low Moderate  High Severe Low Moderate  High Severe
1 Participant 1 100 — — — 1 Participant 1 — — 50 50
2 Participant 2 90 10 — — 2 Participant 2 — — — 100
3 Participant 3 — 10 50 40 3 Participant 3 — 20 50 30
4 Participant 4 60 30 10 — 4 Participant 4 — 0 70 30
5 Participant 5 10 70 20 — 5 Participant 5 — 40 60 —
6 Participant 6 — 100 — — 6 Participant 6 — 10 80 10
7 Participant 7 40 50 10 — 7 Participant 7 — 30 60 10
8 Participant 8 40 60 — — 8 Participant 8 — 40 50 10
9 Participant 9 50 50 — — 9 Participant 9 — 40 60 —
10 Participant 10 80 20 — — 10 Participant 10 — 30 70 —
11 Participant 11 50 40 10 — 11 Participant 11 — 30 50 20
0.47 0.40 0.09 0.04 0.00 0.22 0.55 0.24
The consequence of this damage mode is low The consequence of this damage mode is high
TABLE A8 TABLE A.11
Deck Spalling Consequence Fascia Girder Damage
Low Moderate  High Severe Low Moderate High Severe
1 Participant 1 90 10 — — 1 Participant 1 — — 50 50
2 Participant 2 30 40 20 10 2 Participant 2 _ _ 50 50
3 Participant 3 — 50 50 — 3 Participant 3 — — 60 40
4 Participant 4 — 10 40 50 4 Participant 4 . _ _ 100
5 Participant 5 — 40 60 — 5 Participant 5 — 10 60 30
6 Participant 6 — 90 10 — 6 Participant 6 — 10 90 -
7 Participant 7 10 50 40 — 7 Participant 7 — 10 70 20
8 Participant 8 — 40 60 — 8 Participant 8 — 40 50 10
9 Participant 9 — 20 80 — 9 Participant 9 . 50 50 -
0.14 0.39 0.40 0.07 10 Participant 10 - - 100 -
The consequence of this damage mode is moderate/high 11 Participant 11 _ _ 70 30
0.00 0.11 0.59 0.30

The consequence of this damage mode is high

TABLE A.12
Pier Corrosion
TABLE A9
Steel Girder Cracking Consequence Low  Moderate  High Severe
Low  Moderate  High Severe 1 Participant 1 — 50 50 —
2 Participant 2 90 10 — —
1 Participant 1 10 30 50 10 3 Participant 3 50 30 20 —
2 Participant 2 — — 80 20 4 Participant 4 — — 80 20
3 Participant 3 10 60 30 — 5 Participant 5 — 70 30 —
4 Participant 4 — 30 60 10 6 Participant 6 — 60 40 —
5 Participant 5 10 70 10 10 7 Participant 7 10 30 50 10
6 Participant 6 — 30 70 — 8 Participant 8 10 40 40 10
7 Participant 7 — 30 70 — 9 Participant 9 — 100 — —
8 Participant 8 20 50 30 — 10 Participant 10 — 50 50 —
9 Participant 9 20 50 30 — 11 Participant 11 60 30 10 —
0.08 0.39 0.48 0.06 0.20 0.43 0.34 0.04
The conseq e of this d ge mode is high The consequence of this damage mode is moderate
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Flooding Incident

1. Inspection cycle continues as normal, unless noticeable
damage occurs.

2. If the road is closed, inspectors will do a visual check to
ensure safety before reopening.

DISCUSSION ON CONSEQUENCE

Tables A.7 through A.12 present the results of the Indiana
RAP consequence discussion. The specific consequence scenarios
addressed were overlay debonding, deck spalling, steel girder
cracking, prestressed strand corrosion, fascia girder damage, and
pier corrosion. Each participant ranked what he or she thought
the proper consequence should be for each scenario. Participants
could place 100% on one category or could divide their 100% into
separate categories using 10% increments. After compiling the
results, the consensus consequence factor was determined by
averaging the results. In many cases, the consequence factor was
clear. In other cases, the RAP was divided between two separate

consequence factors. For those cases, it was determined that the
consequence factor relied on the operating conditions of the
bridge. For example, the deck spalling consequence scenario was
tied between a Moderate and High consequence factor. The RAP
determined that the traffic volume was a key attribute that would
determine whether a Moderate or High consequence factor was
appropriate, with higher traffic volumes having a High conse-
quence factor.

A general discussion on consequence also occurred. Two main
points stemmed from this discussion:

1. The “Interstate Congestion Policy” would be a useful tool to
help determine the short-term consequence. The effect of a
lane/shoulder closure is included in this policy and could aid
in separating the High consequence bridges from the
Moderate consequence bridges based upon effect to traffic.
Then, all interstate bridges don’t need to be ranked together,
since some interstates in Indiana carry more traffic than
others.

2. The “Interstate Congestion Policy” could also be a useful tool
for inspections. If a bridge requires nighttime or weekend
closures based upon the policy, a longer inspection cycle could
be beneficial.
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APPENDIX B. CONSEQUENCE TABLES

CONSEQUENCE FACTOR TABLES

Further guidance for the consequence factor is presented in the
Tables B.1 through B.6. For the deck and substructure conse-
quence tables (Tables B.2 and B.6), the assumed worst-case
damage mode was spalling. The superstructure tables
(Tables B.3, B.4, and B.5) all assume loss of a primary load
bearing member as their scenario. Descriptions for the immediate
and short-term consequence for each consequence category—
Low, Moderate, High, and Severe—are presented as well as
sample situations where the category may apply and additional
factors to consider.

IMMEDIATE CONSEQUENCE

The immediate consequence refers to the structural integrity
and safety of traveling public when the failure occurs.
Considerations include whether a bridge will remain standing
and whether the traveling public will remain safe. For example,
failure of a load bearing member in a multi-girder redundant
bridge is not expected to cause loss of structural integrity, excess
deflections, or collapse. As a result, the traveling public is
immediately unaffected when the failure occurs. A contrasting
scenario would be for a fracture critical bridge, where the loss of a
main member could cause excess deflection or collapse thereby
causing the bridge to be immediately unsafe for the traveling
public. The safety of the structure and the public should be
considered for determining the immediate consequence. The
primary considerations for determining immediate consequence
are structural integrity and public safety.

SHORT-TERM CONSEQUENCE

The short-term consequence refers to serviceability concerns
and short-term impacts to the traveling public after a failure
occurs. Load posting, repairs, and speed reductions can be
considered serviceability concerns. Lane, sidewalk, or shoulder
closures as a result of the damage mode impact the traveling
public and can cause delays. For example, a multi-girder
redundant bridge that experiences the loss of a load bearing
member is expected to remain standing; however, once the failure
is discovered, a typical response is to close a lane or shoulder until
the bridge is repaired. Therefore, the traveling public will be
affected. The effect of a lane closure for a bridge carrying an
interstate will have a higher short-term consequence than a rural
bridge carrying a low traffic volume. Additionally, lane closures or
speed reductions for bridges located in downtown regions or
bridges that are critical links to towns can cause a large impact on
traveling public. The primary considerations for determining
short-term consequence are serviceability concerns and impacts to
the traveling public.

SAMPLE SITUATIONS

The sample situations column illustrates specific cases where
the consequence factor may be appropriate. These situations are
general guidelines only, and are not firm rules. Engineering

TABLE B.1
Consequence Description

experience and judgment should be applied to the specific
conditions at each bridge to determine the appropriate conse-
quence factor. Additional situation not described in this column
will also apply to the specific consequence factor.

FACTORS TO CONSIDER

Multiple criteria exist for determining the immediate and short-
term consequence factor. For some bridges, the consequence
factor is clear, but for other bridges in-depth consideration is
required. Some factors to consider when determining the
consequence factor are ADT/ADTT, feature under, feature
carried, presence of stay-in-place forms, redundancy, composite
action, and load carrying capacity.

GENERAL CONSEQUENCE FACTOR TABLE

Table B.1 shows the overarching themes of the consequence
factor determination. Safety and serviceability of the bridge are
the primary concerns.

CONSEQUENCE DESCRIPTIONS

Low Consequence

This scenario is the least serious of all the Consequence Factor
categories. The likelihood of structural collapse resulting from the
damage mode is not credible and any effect on the serviceability of
the bridge is minor. In order to select the lowest consequence
category, the user must be able to clearly demonstrate that the
consequence of the damage will be benign. Generally speaking,
this decision will most often be based on engineering judgment
and experience. Situations where selection of this consequence
scenario may be appropriate are as follows:

® Failure of a deck overlay

® Spalling in a concrete deck bridge on a low volume and/or
low speed roadway

® Spalling/corrosion damage in an abutment where the bridge
is over a non-navigable waterway or unused right-of-way
land

Moderate Consequence

This scenario can be characterized by consequences that are
classified as moderate in terms of their outcome. The likelihood of
collapse and loss of life is very remote, and there is a minor effect
on the safety of the traveling public. In order to classify the
consequence of a given failure scenario as moderate, the user must
demonstrate that the damage mode will typically result in a
serviceability issue. The damage mode poses no serious threat to
the structural integrity of the bridge or to the safety of the public.
Generally, damage that will require repairs that can be addressed
in a programmed fashion (i.e., non-emergency), would be
classified as having a moderate consequence. Member or
structural redundancy should be a consideration, and in cases

Level Category Consequence Description
1 Low Minor effect on serviceability, no effect on safety
2 Moderate Moderate effect on serviceability, minor effect on safety
3 High Major effect on serviceability, moderate effect on safety
4 Severe Major effect on safety and serviceability
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TABLE B.2
Deck Consequence

Assumed damage mode is spalling

Consequence for

Deck Description Sample Situations Factors to Consider
Low Immediate: Damage to the top of the deck does not present a  Bridge carrying low volume and/or ADT/ADTT
safety concern for the traveling public. Falling debris from low speed roadway Feature under
the bottom of deck does not affect the safety of the public. =~ Bridge with concrete deck over a Feature carried
Short-term: Minimal serviceability concerns may require non-navigable waterway or Stay-in-place forms
maintenance. Little or no impact to traveling public. unused right-of-way land
Moderate Immediate: Damage to the top of the deck presents a minimal Moderately traveled roadway where
safety concern to the traveling public. Falling debris from damage would cause minimal delays
the bottom of deck presents a minimal safety concern. Bridge with stay-in-place forms over
Short-term: Moderate serviceability concerns. Speed reduction roadway where spalls would not
may be needed. Traffic is moderately impacted as a result reach roadway or waterway
of lane, shoulder, or sidewalk closure on or under bridge.
High Immediate: Damage to the top of the deck presents a High volume roadway where damage
moderate safety concern to the traveling public. Falling would cause reduction in posted
debris from the bottom of deck presents a moderate speed or potential for loss of
safety concern. vehicular control
Short-term: Major serviceability concerns. Repairs or speed Bridge without stay-in-place forms
reduction may be required. Traffic is greatly impacted as over heavily traveled waterway
a result of lane, shoulder, or sidewalk closure on or under or high volume roadway
bridge.
Severe Immediate: Damage to the top of the deck presents a major Bridge over feature where spalling
safety concern to the traveling public. Falling debris concrete would result in lane closure,
presents a major safety concern. Possible loss of life. loss of life, or major traffic delays
Short-term: Potential for significant traffic delays on or
under the bridge.
TABLE B.3

Steel Superstructure Consequence

Assumed damage mode is loss of one primary load carrying member

Consequence
for Steel
Superstructure Description Sample Situations Factors to Consider
Low Immediate: Little to no impact on structural capacity Bridge over non-navigable waterway or ~ ADT/ADTT
is expected based upon structural analysis or unused right-of-way land Feature under
documented experience. Public safety is unaffected. Rural bridge with low ADT/ADTT Feature carried
Short-term: Minimal serviceability concerns may require Redundancy
maintenance. Little or no impact to traveling public. Composite action
Moderate Immediate: Structural capacity is expected to remain Bridge over multi-use path, railroad or ~ Load carrying capacity
adequate based upon structural analysis or lightly traveled waterway
documented experience. Bridge on or over moderate volume
Short-term: Moderate serviceability concerns. Speed urban roadway or high volume rural
reduction or load posting may be needed. Traffic roadway that would cause moderate
is moderately impacted as a result of lane, shoulder, delays for drivers
or sidewalk closure on or under bridge.
High Immediate: Structural capacity is expected to remain Bridge with alternate load path(s) that
adequate. has an expectation of adequate
Short-term: Major serviceability concerns. Load remaining structural capacity
posting, repairs, or speed reduction may be needed. = Lane or shoulder closure on or under
Traffic is greatly impacted as a result of lane, roadway that would cause major
shoulder, or sidewalk closure on or under bridge. delays for drivers
Severe Immediate: Structural collapse. Possible loss of life. Bridge with high ADT/ADTT that

Short-term: Potential for significant traffic delays on requires closure

or under bridge.
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TABLE B4
Reinforced Concrete Superstructure Consequence

Assumed damage modes are loss of one primary load carrying member andlor spalling

Consequence for

Concrete Superstructure Description

Sample Situations Factors to Consider

Low Immediate: Little to no impact on structural capacity
is expected based upon structural analysis or
documented experience. Falling debris does not

affect the safety of the public.

Short-term: Minimal serviceability concerns may
require maintenance. Little or no impact to

traveling public.

Bridge over non-navigable waterway ADT/ADTT
or unused right-of-way land Feature under
Rural bridge with low ADT/ADTT  Feature carried
Redundancy
Composite action
Load carrying capacity

Moderate Immediate: Structural capacity is expected to remain Bridge over multi-use path, railroad or
adequate based upon structural analysis or lightly traveled waterway
documented experience. Falling debris presents a Bridge on or over moderate volume
minimal safety concern to the public. urban roadway or high volume

Short-term: Moderate serviceability concerns. Speed rural roadway that would cause
reduction or load posting may be needed. Traffic moderate delays for drivers
is moderately impacted as a result of lane,
shoulder, or sidewalk closure on or under bridge.

High Immediate: Structural capacity is expected to remain Bridge with alternate load path(s) that
adequate. Falling debris presents a moderate has an expectation of adequate
safety concern to the public. remaining structural capacity

Short-term: Major serviceability concerns. Load Lane or shoulder closure on or under
posting, repairs, or speed reduction may be needed. roadway that would cause major
Traffic is greatly impacted as a result of lane, delays for drivers
shoulder, or sidewalk closure on or under bridge.
Severe Immediate: Structural collapse. Falling debris presents a  Bridge over feature where spalling

major safety concern to the public. Possible loss of life.
Short-term: Potential for significant traffic delays on or

under bridge.

concrete would result in lane closure,
loss of life, or significant traffic
delays

where the member is non-redundant, it may be practical to classify
an event higher in consequence. Situations where the selection of
this Consequence Factor may be appropriate are as follows:

® Spalling damage in a deck soffit or concrete girder for a
bridge over multi-use path, railroad, or low volume (<10
ADT) roadway

® Spalling in a concrete deck bridge on a moderate volume
roadway

® Jane or shoulder closure on a bridge carrying a moderate
volume urban roadway or a high volume rural roadway that
would cause moderate delays for drivers

® Fatigue cracks that require repair but are not the result of
primary member stresses, such as out-of-plane distortion
cracks in redundant members

The examples above illustrate some of the element failure
scenarios that would typically be categorized as having moderate
consequence. In some cases, failure scenarios that could be
considered more serious can be categorized as having moderate
consequences, if analysis or past experience can be used to better
define the outcome of a given scenario. For example, out-of-plane
fatigue cracks are not uncommon in older steel bridges, and are
included in the examples above. However, other types of fatigue
cracks may be more serious. Cracking in a single plate of a built-
up riveted girder would normally be expected have a High or
Severe consequence factor if it is assumed that the crack
propagates such that the load carrying capacity of the girder is
lost. However, in many cases, riveted built-up members are
comprised of two or three cover plates, two angles, and the girder
web. If analysis showed that even after complete cracking of one
of these individual components (e.g., complete cracking of one of
the cover plates) the member still has reserve capacity, then it

might be reasonable to classify the event as a Moderate
consequence scenario. Current load rating, overall system
redundancy, and other factors should influence the decision as
well. If experience and judgment are used to determine
consequence factor, sufficient documentation would need to be
available to justify the selection of a given consequence factor.

High Consequence

This scenario can be characterized by consequences that are
more serious in terms of their outcome. The likelihood of collapse
and loss of life may be more measureable, but is still relatively
remote. Though the bridge may require repairs, the outcome
would not be catastrophic in nature. Examples of high conse-
quence events would include scenarios that require short-term
closures for repairs, lane restrictions that have a major impact on
traffic, load postings, or other actions that majorly affect the
public. Situations where the selection of this Consequence Factor
may be appropriate are as follows:

® Failure of a main member in a multi-girder bridge with
sufficient load path redundancy

® Spalling damage in a deck soffit or concrete girder for a
bridge over a navigable waterway or a moderate/high
volume roadway

® Spalling in a concrete deck bridge on a high volume roadway

® Lane or shoulder closure on or under roadway that would
cause major delays for drivers

® Impact damage on a multi-girder bridge

Using brittle fracture of an exterior steel girder in a multi-girder
bridge as an example, the immediate consequence is assumed to be
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TABLE B.5

Prestressed Concrete Superstructure Consequence

Assumed damage modes are loss of one primary load carrying member andlor spalling

Consequence for PS

Superstructure Description Sample Situations Factors to Consider
Low Immediate: Little to no impact on structural capacity  Bridge over non-navigable waterway ADT/ADTT
is expected based upon structural analysis or or unused right-of-way land Feature under
documented experience. Falling debris does not Rural bridge with low ADT/ADTT Feature carried
affect the safety of the public. Redundancy
Short-term: Minimal serviceability concerns may require Composite action
maintenance. Little or no impact to traveling public. Load carrying capacity
Moderate Immediate: Structural capacity is expected to remain Bridge over multi-use path, railroad
adequate based upon structural analysis or or lightly traveled waterway
documented experience. Falling debris presents a Bridge on or over moderate volume
minimal safety concern to the public. urban roadway or high volume rural
Short-term: Moderate serviceability concerns. Speed roadway that would cause moderate
reduction or load posting may be needed. Traffic delays for drivers
is moderately impacted as a result of lane, shoulder,
or sidewalk closure on or under bridge.
High Immediate: Structural capacity is expected to remain Bridge with alternate load path(s) that
adequate. Falling debris presents a moderate has an expectation of adequate
safety concern to the public. remaining structural capacity
Short-term: Major serviceability concerns. Load Lane or shoulder closure on or under
posting, repairs, or speed reduction may be needed. roadway that would cause major
Traffic is greatly impacted as a result of lane, delays for drivers
shoulder, or sidewalk closure on or under bridge.
Severe Immediate: Structural collapse. Falling debris presents Bridge over feature where spalling

a major safety concern to the public. Possible loss
of life.
Short-term: Potential for significant traffic delays on

concrete may result in lane closure,
loss of life, or significant traffic delays

or under bridge.

High. Structural capacity is expected to remain adequate based
upon experience. If engineering calculations were performed that
quantifiably showed that the bridge had sufficient reserve capacity
in the faulted condition, i.e. with one girder fractured, it might be
reasonable to identify the event as having a Moderate immediate
consequence. The short term consequence would be dependent
upon site conditions at the bridge including traffic volume, feature
carried, and feature under.

Severe Consequence

This is the most critical consequence factor category and can be
characterized by events that, should they occur, are anticipated to
result in catastrophic outcomes. Structural collapse and loss of life
are likely should the failure occur. Because of the catastrophic
nature implied by this consequence scenario, it should not be
selected arbitrarily as a catch-all or just to be conservative.
Examples of severe consequence events would include failure of
the pin or hanger in a bridge with a suspended truss span or a two
girder system, or strand fractures in a pre- or post-tensioned
element that results in a non-composite member falling into a
roadway below. Situations where the selection of this
Consequence Factor may be appropriate are as follows:

® Fracture in a non-redundant steel bridge member

® Failure of a non-composite girder over traffic

® Spalling of a concrete soffit, concrete girder, or concrete
abutment over a high volume roadway or pedestrian walkway

® Lane or shoulder closure on a major roadway that would
cause significant delays for the traveling public

® Bearing area failure resulting in deck misalignment

Cases where there is insufficient experience or where reliable
calculations cannot be made may also be categorized as severe.
Examples would be unique, one-of-a-kind bridges or other
structural systems where the result of failure associated with a
given damage mode is essentially unknown. In such cases, the only
reasonable approach is to assume and select a Severe consequence,
as the actual outcome cannot be well defined.

Downgrading to a less serious consequence factor is permitted
but only through the use of analysis. Experience alone may not be
used to justify downgrading from a Severe consequence to a High
consequence, due to the catastrophic outcomes associated with the
more severe scenario. While experience may be used in conjunc-
tion with analytical studies to make a stronger case for
downgrading to a lower consequence scenario, experience alone
is not deemed to be sufficient.
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TABLE B.6
Substructure Consequence

Assumed damage mode is spalling

Consequence for

Substructure Description Sample Situations Factors to Consider
Low Immediate: Falling debris does not affect the safety of the public. Bridge over non-navigable waterway ADT/ADTT
Structural capacity of the bridge remains adequate. or unused right-of-way land Feature under
Short-term: Minimal serviceability concerns may require Load carrying
maintenance. Little or no impact to traveling public. capacity
Moderate Immediate: Falling debris from substructure presents a minimal Bridge over multi-use path, railroad

safety concern to the public. Structural capacity is expected to  or lightly traveled waterway
remain adequate based upon structural analysis or
documented experience.
Short-term: Moderate serviceability concerns. Speed reduction or
load posting may be needed. Traffic is moderately impacted as
a result of lane, shoulder, or sidewalk closure on or under

bridge.

High Immediate: Falling debris from substructure presents a moderate Lane or shoulder closure on roadway
safety concern to the public. Structural capacity is expected to  that would cause major delays for
remain adequate. drivers

Short-term: Major serviceability concerns. Load posting, repairs
or speed reduction may be needed. Traffic is greatly impacted
as a result of lane, shoulder, or sidewalk closure on or under

bridge.

Severe Immediate: Structural collapse, bearing area failure, or loss of  Bridge adjacent to high volume
load carrying capacity. Falling debris presents a major safety =~ roadway where spalling concrete
concern to the public. Possible loss of life. may result in lane closure, loss of

Short-term: Potential for significant traffic delays on or under life, or major traffic delays
bridge. Bearing area failure resulting in deck

misalignment
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APPENDIX C. INDIANA BACK-CASTING CASE STUDIES

To evaluate whether the risk-based procedure could establish a
safe and effective inspection interval, a process called back-casting
was performed. Back-casting involved monitoring deterioration
progression through historical data, and then comparing the
results with the risk approach. Thirty-six bridges in Indiana were
assessed, and the results are presented in this appendix.

On the left side of the sheet, general information about each
bridge is listed. Information includes attributes and character-
istics, as well as the controlling damage mode. The bridge number
is located at the top center of each sheet.

The graph in the right corner of each sheet tracks the condition
rating of each bridge component—deck, superstructure, and
substructure—over the life of the bridge. Typically, the condition
rating decreases as the bridges ages and deteriorates. In some
cases, the condition rating increases, which corresponds to a repair
to the bridge or a correction in condition rating by the inspector.

The determined inspection intervals using the risk-based
inspection process are located underneath the general information

and condition rating graph. An interval was determined for every
year historical inspection data was available. For certain bridges,
missing historical inspection records result in a gaps or an
inconsistent interval on the timeline; however, these omissions
were not considered critical. Evaluating intervals for every year
data was available also demonstrates that the risk approach can be
applied with any starting point.

A representative sample of thirty-six Indiana bridges was
considered, and there were no cases where a serious progression of
damage would have been missed as a result of an extended
interval. Fourteen of the thirty-six bridges had an inspection
interval of 72 months at some point during the back-casting
process and twenty-one bridges had a 48-month interval at some
point during the process. Bridges in poor condition were assigned
inspection intervals of 24 months. In addition, no unexpected or
sudden changes to the NBI condition rating were noted during the
risk-based inspection interval.
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About the Joint Transportation Research Program (JTRP)

On March 11, 1937, the Indiana Legislature passed an act which authorized the Indiana State
Highway Commission to cooperate with and assist Purdue University in developing the best
methods of improving and maintaining the highways of the state and the respective counties
thereof. That collaborative effort was called the Joint Highway Research Project (JHRP). In 1997
the collaborative venture was renamed as the Joint Transportation Research Program (JTRP)

to reflect the state and national efforts to integrate the management and operation of various
transportation modes.

The first studies of JHRP were concerned with Test Road No. 1—evaluation of the weathering
characteristics of stabilized materials. After World War II, the JHRP program grew substantially
and was regularly producing technical reports. Over 1,500 technical reports are now available,
published as part of the JHRP and subsequently JTRP collaborative venture between Purdue
University and what is now the Indiana Department of Transportation.

Free online access to all reports is provided through a unique collaboration between JTRP and
Purdue Libraries. These are available at: http://docs.lib.purdue.edu/jtrp

Further information about JTRP and its current research program is available at:
http://www.purdue.edu/jtrp

About This Report

An open access version of this publication is available online. This can be most easily located
using the Digital Object Identifier (doi) listed below. Pre-2011 publications that include color
illustrations are available online in color but are printed only in grayscale.

The recommended citation for this publication is:

Reising, R. S., Connor, R. ]., & Lloyd, |. B. (2014). Risk-based bridge inspection practices (Joint
Transportation Research Program Publication No. FHWA/IN/JTRP-2014/11). West Lafayette, IN:
Purdue University. http://dx.doi.org/10.5703/1288284315511
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