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ABSTRACT 

 

 
The periodic inspection of highway bridges in the United States plays a critical role in ensuring the safety, 

serviceability, and reliability of bridges.  A new risk-based inspection (RBI) framework was developed in 

the Phase I of the NCHRP 12-82 project in order to determine bridge inspection intervals. This research 

was conducted to demonstrate the implementation of the methodology and to verify the effectiveness of 

RBI analysis for determining suitable inspection intervals for highway bridges.  A new methodology was 

developed by integrating statistical analysis and backcasting process for two case studies in Texas and 

Oregon. The objective of the statistical models was to develop a simple, rational method that is data-based 

to quantify the risk in order to support decisions regarding the appropriate bridge inspection intervals.  The 

objectives of the case studies were to demonstrate the implementation of the methodologies with state DOT 

personnel and verify the effectiveness of RBI analysis in determining suitable inspection intervals for 

typical highway bridges.  The verification of the methodology was analyzed by developing a new 

backcasting procedure that compared historical inspection records with the results of RBI analysis.  The 

results of the research demonstrated and verified that inspection intervals of up to 72 months were suitable 

for certain bridges.  Such extended inspection intervals would allow for the reallocation of inspection 

resources toward bridges which require more frequent and in-depth inspections, resulting in improved 

safety and reliability of bridges.   
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1 Introduction 

1.1 Background 

The periodic inspection of highway bridges in the United States plays a critical role in ensuring 

the safety, serviceability, and reliability of bridges.  Inspection processes have developed over time to meet 

the requirements of the National Bridge Inspections Standards (NBIS) (1) and to meet the needs of 

individual bridge owners in terms of managing and maintaining their bridge inventory.  The inspection 

frequency mandated by the NBIS requires the inspection interval (maximum time period between 

inspections) not to exceed 24 months.  Based on certain criteria, that interval may be extended up to 48 

months with approval from the Federal Highway Administration (FHWA)(2).  Maximum inspection 

intervals of less than 24 months are utilized for certain bridges according to criteria developed by the bridge 

owner, typically based on age and known deficiencies.  Most bridge owners utilize the maximum 

inspection interval of 24 months, as mandated by the NBIS, for the majority of the bridges in their 

inventory and the reduced intervals for bridges with known deficiencies.  The uniform inspection interval 

of 24 months, which was specified at the origination of the National Bridge Inspection Program in 1971, 

was based on experience, engineering judgment, and the best information available at the time.   

Dr. Karl Frank from the University of Texas at Austin, who was present at the time decisions regarding the 

24 month inspection interval were made, says about determining these inspection intervals:  

Those involved with the establishment of the 24 month interval felt one year interval 

seemed too short and ten year interval seemed too long, thus an intermediate value of 24 

months was agreed upon (3). 

This uniform approach provides a single maximum inspection interval for most bridges, regardless 

of the bridge attributes such as age, design, or environment.  To date, this mandated inspection interval has 

provided an adequate level of safety and reliability for the bridge inventory nationwide.  However, such a 

uniform inspection practice does not consider that a newly constructed bridge with improved durability 

characteristics and only a few years of exposure to the service environment may be much less likely to 
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develop serious damage, over a given time interval, than an older bridge that has been exposed to the 

service environment for many years.  As such, inspection needs may be less for the newer bridge, and 

greater for the aging bridge, relative to the uniform interval currently required.  For example, bridges that 

are in benign, arid operating environments are inspected at the same interval as bridges in aggressive 

marine environments, where significant damage from corrosion may develop much more rapidly, requiring 

increased inspection to ensure safety and serviceability is maintained.  Fracture critical members designed 

under modern criteria have vastly improved resistance to fatigue over older bridges, and as such, the 

likelihood of fatigue damage for modern bridges is much lower than for older bridges.  Newer bridges in 

general are designed to higher standards, with more durable materials, such that their resistance to loading 

and environmental effects is much greater than older bridges.  Current practices make it difficult to 

recognize if the same or improved safety and reliability could be achieved by varying inspection methods 

or frequencies to meet the needs of a specific bridge, based on its design, condition, and operational 

environment.     

Recognizing the variability in the design, condition, and operating environments of bridges would 

provide for inspection requirements that better meets the needs of individual bridges, to improve both 

bridge and inspection reliability.  A more rational approach to inspection planning would determine the 

interval and scope of an inspection according to the condition of the bridge and the likelihood that damage 

would occur.  This would allow for resources to be focused where they were most needed so as to ensure 

the safety and reliability of bridges.  Such inspection planning tools are highly developed in other 

industries, using the principles of reliability and risk assessment to match inspection requirements to 

inspection needs.  These methodologies evaluate the specific characteristics of components, which might 

include resistance to damage modes, anticipated deterioration mechanisms, current condition, and loading, 

to evaluate the reliability of the component.  Appropriate inspection requirements are determined based on 

this evaluation such that the safety and operation of the component is maintained over its service life and 

resources are allocated efficiently.   

In addition to the rational reasons that have been described above, as part of this research two 

surveys were conducted in Oregon and Texas in order to assess the appropriateness of the current 

inspection regime from DOTs personnel point of view.  Bridge inventories of these two states comprise 
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about 10% of the national bridge inventory in the US.  These surveys were part of the Reliability 

Assessment Panel (RAP) meetings held during the course of the research, and provide some context for the 

need for changing from the traditional, calendar-based approach to inspection planning to a new, risk-based 

approach.  The results of the surveys showed, as was expected, that 80% of experts believed the current 

inspection regime is effective at ensuring bridge safety.  The majority of the group said that bridges in their 

states are generally in above average condition relative to other states.  However, about half of the members 

in both states indicated there was a need to optimize allocation of resources to maintain the safety and 

serviceability of bridges due to limitation of resources.  Interestingly, about half of those surveyed 

expressed concern that too much time and money is spent on conducting unnecessary bridge inspections.  

As it was stated previously, the current NBIS inspection interval of 24 months has provided enough safety 

for highway bridges to date because it is very conservative.   Despite this, about 60% of experts surveyed in 

Texas believed that this is not necessarily a good way to ensure that adequate inspections are conducted.  

About 80% of participants indicated that for certain bridges, longer inspection intervals (i.e. greater than 24 

months) would not compromise safety.  The experts’ profiles and details of surveys are shown in appendix 

A.   

These data indicate that a new and improved method for inspection planning was needed, and a 

new methodology was developed in the Phase I of the NCHRP 12-82 project (4). The goals of this project 

were to develop risk-based inspection practices to meet the goals of:  

Improving the safety and reliability of highway bridges and  

Optimizing resources for bridge inspection.  

The objective of the NCHRP 12-82 project was to develop a recommended bridge inspection 

practice for consideration for adoption by AASHTO.  The practices developed through the project were 

based on rational methods to ensure bridge safety, serviceability, and effective use of resources.  Phase I of 

this project, which recommended guidelines that described a methodology for inspection planning based on 

risk assessment, was completed and forms the basis for the research presented herein.  Under the RBI 

approach developed, inspection intervals are flexible and adjusted from 12 months to 72 months, depending 

on the results of the risk assessment.   The risk-based methodology developed, which relies on rational 
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assessments of risk based on expert judgment, was untested for implementation on actual highway bridges.   

The extended inspection interval envisioned by the RBI approach of 72 months was also untested in U.S. 

and therefore required evidence to support the extension of the interval from 24 to 72 months.   

1.2 Problem statement and motivation for the research 

As previously noted, the bridge inspection interval specified in the NBIS (NBIS, 23 CFR 650) is a 

calendar-based uniform interval of 24 months.  The calendar-based interval implements the same 

inspection interval for new bridges as for aging and deteriorated bridges.  Such a uniform inspection 

practice is inefficient and does not allow for optimum use of resources.  In the Phase I of the research 

project NCHRP 12-82, “Developing Reliability-Based Bridge Inspection Practices,” a new framework was 

developed using risk-based theories with the objective of ensuring bridge safety and optimizing the use of 

resources.  This new risk-based inspection (RBI) approach has the potential to transform the calendar-

based, uniform inspection strategy currently in use to a more efficient and effective process that improves 

the reliability of bridges and bridge inspections.  However, existing practices have been utilized for more 

than 40 years; transforming the established paradigms requires validation and testing of the new RBI 

technologies to establish their effectiveness and utility.  

The risk-based process for identifying inspection requirements for bridges is an entirely new 

paradigm for inspection planning of bridges.  Given the importance of ensuring bridge safety and 

serviceability for preserving public safety and the efficiencies of the transportation system, such a new 

approach for inspection planning requires verification and modification before it can be implemented 

nation-wide.  However, the verification of suitable inspection intervals is very challenging because failures 

are rare, deterioration processes such as corrosion takes significant time periods to manifest, and designs 

and operating conditions vary widely.   It is difficult to assess the effect of not conducting an inspection on 

the overall safety and serviceability of bridges, especially when looking forward toward the future, where 

performance is uncertain.   

The RBI method developed in the Phase I of the NCHRP 12-82 project was unproven and 

intervals were based on systematic expert judgment, with no suitable means available to verify the 

judgment.   Further, there have been no successful studies demonstrating, quantitatively, the suitable 
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inspection interval for a bridge.   No previous work existed that established a methodology or process for 

verification of an RBI method such as that developed in NCHRP12-82.  Several approaches, described in 

section 2.2.2 were not suitable to meet the needs for bridge inspection because these approaches did not 

provide quantitative evidence that could verify the suitability of inspection intervals determined from risk 

assessment.  Therefore, research was needed to develop a verification method that could provide 

quantitative evidence of the effectiveness of an RBI approach.   The research reported herein developed a 

new verification testing process to analyze the effectiveness of the RBI approach.  This verification process 

included field testing of the RBI process, analysis of historical data, and the development of probabilistic 

risk assessment tools using statistical models that could quantitatively demonstrate the suitability of risk-

based inspection intervals.  Verification testing using these new tools was conducted to establish 

effectiveness, demonstrate implementation, and analyze the outcome of the RBI approach in terms of 

ensuring the safety and serviceability of bridges.   

1.3 Summary of Approach to Solve the Problem 

The approach to solving the problems described in the previous sections involved  

Developing a process for verifying inspection intervals established using the RBI framework 

developed in NCHRP12-82 

 Developing statistical models that could be used to quantitatively analyze suitable inspection 

intervals for bridges 

 Implementing the verification process and statistical models for specific case studies in Texas and 

Oregon to test their implementation under real-world conditions 

Studies were conducted with the objective of developing statistical models, including both 

deterministic and stochastic approaches, to determine the time that different families of bridges tend to 

remain in a given condition.  Studies were conducted based on large bridge samples in the states of Texas, 

Oregon, Indiana, and Missouri to assess suitable inspection intervals for bridges, based on historical 

performance as shown through periodic inspection results.  These studies were also used to support results 

from the two case studies conducted in Texas and Oregon.  
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The verification testing of the proposed RBI framework consisted of two case studies conducted in 

the states of Texas and Oregon with the cooperation and assistance of the State Departments of 

Transportation.  In the Oregon and Texas case studies, risk assessment of bridges was performed using the 

RBI methodology, and the results of this assessment were analyzed in terms of the inspection intervals 

determined through the process.  A new methodology for verifying the results (i.e. inspection intervals 

established through the RBI process) was developed.  An extensive study of the current state-of-the-

practice and state-of-the-art for reliability and risk-based inspection practice was conducted as part of this 

research to find the most applicable verification methodologies for RBI, based on these previous works.   

Requirements for the new approach included not imposing any risk on road users during implementation 

and providing direct evidence of the effectiveness of the new RBI technology.  Considering that the 

characteristics of the available methods did not meet these requirements, a new approach for assessing the 

suitability of the inspection intervals (i.e. verifying the RBI results) was developed.  This new approach, 

which we have termed “backcasting,” analyzes historical inspection records to determine if the safety or 

serviceability of bridges may be adversely affected by the implementation of a risk-based approach for 

planning.  In other words, if longer inspection intervals (greater than 24 months) were determined through 

RBI, would the safety or serviceability of the bridge be compromised.     

1.4 Goals and Objectives 

The goals of this research are to increase the safety and reliability of bridges and to optimize 

resources for bridge inspection. Two main objectives of this research were: 

 Develop new probabilistic models to quantify risk and to estimate inspection intervals for highway 

bridges 

 Verify the suitability of RBI-based inspection intervals for ensuring the safety and serviceability 

of highway bridges 

Reaching these objectives provides an integrated, comprehensive methodology for inspection 

planning that includes both engineering judgment and quantitative data analysis. 

The efforts to meet the first objective included: 
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 Studying the behavior of bridges during the service life time by finding the best fit functions 

among the current well known distributions, and demonstrating the suitability of the distribution 

selected based on condition ratings from routine inspection results 

 Increasing the reliability of the available data by introducing a new trimming method for data that 

allows for quantitative statistical analysis  

 Studying the suitability of changing current inspection interval for highway bridges by conducting 

lifetime statistical analysis of large bridge inventories in four states (Oregon, Texas, Indiana, and 

Missouri) 

For the second objective the following items were studied: 

 Field testing and training of State Departments of Transportation 

 Development of original software tools to support risk-based analysis 

 Development of new procedures, backcasting, for the verification of study results  

 Identification of pitfalls of the RBI method and developing solutions to make the method 

applicable for highway bridges.  

The research conducted in each of these studies were intended to meet the objectives of the 

research and are documented in the following sections.  

1.5 Outline of Dissertation 

This dissertation is comprised of five chapters as follows.  Chapter 1 introduces a brief 

background of highway bridges inspection and current inspection regime in the US.  The problems of the 

current methods and motivations for conducting this research are brought in this chapter; and finally, the 

summary of the approach to solve the problem will be explained. Additionally, the goals, objectives, and 

impacts and contributions will be discussed in this chapter. 

Chapter 2 explains the background of a new framework for determining bridge inspection 

intervals and procedures that was basically developed under the Phase I of the NCHRP 12-82 project.  

Chapter 2 includes a literature review of the available methods that can be applied to determine inspection 

intervals as well as verification methods that have been used for RBI methods.   
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A new probabilistic approach is developed in chapter 3 for estimating an appropriate inspection 

interval for highway bridges; this estimation is based on historical condition data collected from 20-years of 

routine inspections.  Condition ratings of bridges with concrete, steel, and prestressed- concrete materials 

were analyzed in this study to develop statistical models for the time in condition rating (TICR) for 

different bridge components.   

Parameters of the appropriate mathematical models were then estimated for concrete, steel, and 

prestressed- concrete in different condition ratings and used to define probability density functions (PDFs). 

These data were then used to determine the likelihood of a bridge deteriorating from a good condition to 

poor condition over some time period.  These data can be used for rational decision-making regarding the 

appropriate inspection interval for bridges of a given type, based on quantitative historical analysis of data.  

Moreover, the results showed that it is necessary to reconsider the current calendar-based uniform method 

that is currently being used by bridge owners and that there is a need for a new methodology to optimize 

the available resources in order to allocate resources to bridges that are in need of more in depth inspection.   

Chapter 4 presents a newly developed method, which was termed backcasting in this study, to verify the 

effectiveness of the proposed risk-based inspection (RBI) method. Two case studies, in the states of Oregon 

and Texas, were conducted to demonstrate the implementation of the methodologies with state DOT 

personnel and to verify the effectiveness of RBI analysis in determining suitable inspection intervals for 

typical highway bridges.  This chapter also presents the results of the backcasting process on RBI of the 

bridges in Oregon and Texas case studies.  This chapter shows how the backcasting method verified the 

effectiveness of the proposed RBI framework. The new RBI method after verification and revision did not 

adversely affect the safety and serviceability of the sample bridges analyzed and determined a schedule of 

inspection intervals for a better resource allocation for bridge inspection.   

Chapter 5 concludes with backcasting results and presents recommendations for future studies.  

The appendices will present programming codes in MATLAB, all Probability Density Functions (PDFs) 

and Cumulative Density Functions (CDFs) related to whole inventories of bridges in Oregon, Texas, 

Indiana, and Missouri, the details of developed bridge attributes from RAP meetings in Oregon and Texas, 

and characteristics of all sample bridges along with the related diagrams.  
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2 Background 

2.1 Introduction 

There are currently more than 605,000 highway bridges in the United States.  Periodic inspections 

of these bridges are conducted to assess the condition of the bridge, identify maintenance and rehabilitation 

needs, and ensure adequate serviceability.  As previously noted, inspections are conducted under 

requirements of the NBIS , first developed after the collapse of the Silver Bridge in 1967 (5).  The NBIS 

standards define the inspection frequency (interval between inspections), scope and type of inspections, and 

qualifications of personnel.  Routine inspections conducted under the standard at inspection intervals of 24 

months for highway bridges with a length of greater than 20 feet.  Inspections typically involve visual 

assessments of the condition of the primary components including, deck, superstructure, and substructure.   

For bridges meeting certain criteria, intervals of up to a maximum of 48 months are allowed with the 

approval of the Federal Highway Administration.  However, the vast majority of bridges are inspected at 

the required interval of 24 months (2).    

The uniform, 24 month interval mandated by the NBIS has helped to ensure an adequate level of 

safety and serviceability for highway bridges since inspection programs were initiated.  However, there is 

significant variation in the age, design, and condition of bridges. Inspection needs for maintaining the 

safety and serviceability of this diverse population of bridges varies. For instance, some bridges are old and 

in poor condition, requiring more frequent inspections than, for example, recently constructed bridges 

conforming to modern standards.  These newly constructed bridges may require less inspection to maintain 

an adequate level of safety and serviceability.  Therefore, bridge inspection costs could vary greatly (e.g. 

$1000 to $100,000) from bridge to bridge.  Hence, Inspection resources could be more effectively utilized 

if the specific characteristics of a bridge, such as its design, condition, and durability features, were 

considered in determining the appropriate inspection interval.     

As will be shown in the next chapter, data from the National Bridge Inventory (NBI) database 

were analyzed, developing a new method, to support a rationale for inspection intervals that are greater 

than the 24 or even 48 months currently allowed under the NBIS.  Historical NBI data was analyzed to 
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determine the average period of time a particular bridge component remains in a certain condition rating.  

Figure 2-1 shows the time-in-condition for prestressed-concrete bridge superstructures in the state of 

Oregon.  These data were developed by examining 20-years of NBI data and determining the time period 

(i.e. no. of years) individual bridges remained in a certain condition rating.  Weibull distributions were used 

to characterize the distribution of time-in-condition for this population of bridges, and two example 

distributions are shown in the figure.  As shown, time in condition rating for bridges in the condition rating 

of 7 (“CR7= Good Condition”) has a mean value of greater than 10 years, indicating that a typical bridge in 

this condition will stay in the same condition for a period significantly longer than 24 months.  Given a 

typical deterioration pattern, the bridge would subsequently be rated at 6, then at 5, etc. over the period of 

its service life.  Generally, the mean time in condition is reduced as condition deteriorates; for example, for 

a condition rating of 5(“CR5=Fair Condition”), the mean time in condition for prestressed-concrete bridges 

in Oregon is less than five years.  These data indicate that the uniform inspection interval may be 

appropriate for a bridge in condition rating of 5, but for a bridge in condition rating of 7, many inspections 

will occur without significant change in bridge condition; these inspections may be unnecessary.  

 

Figure 2-1. Weibull distributions for time-in-condition for prestressed-concrete bridges in Oregon. 

 

As you see in Figure 2-1, bridges conditions have a distribution over time rather than point 

estimation.  For example, shaded area in Figure 2-2 (a) shows potion of the bridge population with good 

attributes which tend to stay in good condition for a longer period of time; for the same condition rating 

bridges with poor attributes remain in a given condition rating for less time as shown in shaded area of 
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Figure 2-2 (b).  Therefore, it is necessary to develop a method to identify more reliable bridges (Figure 2-2 

(a)), with good attributes, and bridges with poor attributes (Figure 2-2 (b)).  Once we determine the 

reliability of a bridge, risk can be estimated and resources will be allocated to those which are more in need 

of repair.  

 

Figure 2-2. Illustration of reliable bridges with good (a) and poor (b) attributes and for prestressed 

concretebridgesinOregonwithconditionratingof“7” 

 

The objective of this chapter is to explain the background of the new RBI methodology for 

identifying the appropriate inspection interval for common highway bridges based on risk analysis.  This 

methodology involves a probability analysis of a bridge developing serious damage over a given time 

period and assessing the consequence of that damage in terms of safety and serviceability of the bridge. A 

literature review of current studies that have been developed and can be used to determine bridge 

inspection intervals will be presented in this chapter.  This chapter will also discuss current methods that 

have been used for verification of RBI framework. 

2.2 Risk-Based Inspection  

Assessment of inspection needs using a risk-based approach has been adopted in many industries 

as a tool for inspection planning (6, 7). Well-developed practices and standards have been developed and 

implemented for planning inspections in reactor facilities, chemical processing plants, infrastructure and 

offshore structures (7-11).  These existing procedures provide a technical foundation for the development 

of a system customized to address the specific needs of bridge inspection in the US. 
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Risk is defined as the product of the frequency with which an event is anticipated to occur and the 

consequence of the event’s outcome.  This could be expressed mathematically as Equation 2-1: 

𝑅𝑖𝑠𝑘 = 𝑂𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 ×  𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒      (2-1)  

Occurrence, in this equation, is the rate at which a certain event occurs when applied to a specific 

time interval.  This is typically expressed as either a probability of failure (POF) or an estimated likelihood 

of occurrence for a certain adverse event.  This parameter is the compliment of the reliability of an element 

or component. Consequence is a measure of the impact of the event occurring, which may be measured in 

terms of safety, economic, social, or environmental impacts.  

To estimate variations in loading and resistance (strength) of components, theories and practices 

for applying reliability concepts are increasingly popular as a basis for design codes.  Applying reliability 

theories in this context typically includes probabilistic analysis to deal with uncertainties in the design 

parameters and loading.  It has been of interest to apply these design reliability concepts for maintenance 

and inspection purposes.  Research based on structural reliability theory for the development of inspection 

strategies and repair optimization has been performed.  Updating infrastructure systems reliability 

estimates, based on visual inspections, has also been carried out.  (12-15).  For example, Estes et al 

concluded inspection data should be considered during reliability assessment of miter gates although the 

information may not be as precise as those from NDE techniques.  A reliability model was developed by 

Estes and Frangopol (2003) for one steel bridge based on the shear and flexural limit states.  Eqs. 2-2 and 

2-3 show the state equations that were developed for an interior girder. 

𝑔𝑖𝑛𝑡−𝑠ℎ𝑒𝑎𝑟(𝑥) = 𝑉𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑉𝑑𝑒𝑚𝑎𝑛𝑑               Eq. (2-2) 

= 10.55𝐹𝑦𝛾𝑚𝑠𝑔 − 18.04λ𝑐𝑜𝑛𝑐 − 5.26λ𝑎𝑠𝑝ℎ − 2.89λ𝑠𝑡𝑒𝑒𝑙 − 28.33 𝑉𝑡𝑟𝑘−𝑖𝐷𝐹𝑖𝑖𝑏𝑒𝑎𝑚 = 0 

𝑔𝑖𝑛𝑡−𝑚𝑜𝑚𝑒𝑛𝑡(𝑥) = 𝑀𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑀𝑑𝑒𝑚𝑎𝑛𝑑           Eq. (2-3) 

= 39.8𝐹𝑦𝛾𝑚𝑓𝑔 − 197.65𝜆𝑐𝑜𝑛𝑐 − 57.64𝜆𝑎𝑠𝑝ℎ − 31.7𝜆𝑠𝑡𝑒𝑒𝑙 − 𝑀𝑡𝑟𝑘−𝑖𝐷𝐹𝑖𝑖𝑏𝑒𝑎𝑚 = 0 

Definitions and mean value and standard deviation of the applied parameters are shown in Table 

2-1.  As can be seen in these equations, there are many random variables including material strength, model 

uncertainty, girder distribution factors, and material dimensions.  
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Figure 2-3 shows the reliability diagrams that were based on these models.  This figure shows that 

the structural reliability of a bridge system decreases over time.  Such structural reliability models could 

form a base for life cycle planning; however, they still need to be updated based on periodic inspections to 

determine if the reliability model predicts the actual performance of the bridge.  These diagrams show the 

life of the bridge superstructure over a long period and do not show the serviceability of the bridge.  

Moreover, structural reliability models and mere probabilistic analysis have not been successful for 

capturing the serviceability limit states critical to effective in-service inspection of bridges.  For example, 

rutting in a concrete bridge deck may have little effect on the structural capacity of the deck or bridge 

structure, but may have a significant effect on the serviceability of the bridges; traffic safety may be 

compromised or driving speeds may need to be reduced. Serviceability considerations, such as local 

damage that can affect traffic, deflections and cracking, and loss of durability characteristics, need to be 

assessed through periodic inspections, even if the effect on structural capacity, and therefore structural 

reliability, is nominal.    

Table 2-1 Random variable used in reliability analysis of steel bridge (13) 

Definition and units of random variables Notation 
Mean value and 

standard deviation 

Uncertainty factor: live load shear on interior girder 𝑉𝑡𝑟𝑘−𝑖 (1.38; 0.1656) 

Uncertainty factor: live load shear on exterior girders 𝑉𝑡𝑟𝑘−𝑒 (1.38; 0.1656) 

Yield strength of steel in girders (MPa) 𝐹𝑦 (252.5, 29.0) 

Uncertainty in live load girder distribution: interior girders 𝐷𝐹𝑖 (1.309; 0.163) 

Uncertainty in live load girder distribution: interior-exterior 

girders 
𝐷𝐹𝑖−𝑒 (1.14; 0.142) 

Uncertainty in live load girder distribution: exterior girders 𝐷𝐹𝑒 (0.982; 0.122) 

Uncertainty factor: impact on girders 𝑖𝑏𝑒𝑎𝑚 (1.14; 0.114) 

Live load moment on interior girders (kNm) 𝑀𝑡𝑟𝑘−𝑖 (579.4; 69.6) 

Live load moment on exterior girders (kNm) 𝑀𝑡𝑟𝑘−𝑒 (474.1; 56.9) 

Uncertainty factor: weight of truck on bridge 𝜆𝑡𝑟𝑘 (1.38; 0.1656) 

Model uncertainty: shear in steel 𝛾𝑚𝑠𝑔 (1.14; 0.137) 

Model uncertainty: flexure in steel 𝛾𝑚𝑓𝑔 (1.11; 0.128) 

Uncertainty factor: weight of asphalt 𝜆𝑎𝑠𝑝ℎ (1.0; 0.25) 

Uncertainty factor: weight of concrete 𝜆𝑐𝑜𝑛𝑐  (1.05; 0.105) 

Uncertainty factor: weight of steel 𝜆𝑠𝑡𝑒𝑒𝑙  (1.03; 0.082) 

 

Additionally, bridge failure is a rare event, resulting in the need for assumed probabilistic 

distributions describing failure rates.  Such assumed distributions are not applicable to specific bridges, and 

typically do not consider important attributes of a given bridge that may affect such failure rates.  These 
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estimates are difficult, or impossible, to validate because failures are rare, designs and materials are 

constantly evolving, and operational environment vary significantly.   

 

 

Figure 2-3. System and girder moment (a) and shear (b) component reliability over time for Bridge 

E-17-AH (13) 

 

The new methodology, which was originally described in the Phase I of the NCHRP 12-82, 

utilizes the concepts of reliability of bridge elements to construct a semi-quantitative framework for risk-

based inspections (RBI) of highway bridges.  This methodology considers, through expert elicitation and 

engineering judgment, the reliability of bridge elements in a risk-based framework to provide a practical 

inspection planning tool to determine a suitable inspection interval and scope.  A Reliability Assessment 

Panel (RAP) formed at the bridge-owner level is utilized to complete the analysis and develop a data model 

for risk-ranking bridges to determine suitable inspection interval.  The following section offers a general 

description of the methodology proposed for risk-based inspection.  

2.2.1 RBI Methodology 

This section presents a summary of the RBI method that was developed in the phase I of the 

NCHRP 12-82 project.  The RBI process involves an owner (e.g., state) establishing an RAP to define and 

assess the durability and reliability characteristics of bridges within their state. The RAP uses engineering 
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rationale, experience, and knowledge of typical deterioration patterns to evaluate the reliability 

characteristics of bridges and the potential outcomes of damage.  This is done by answering three following 

questions: 

1. What can go wrong, and how likely is it?   

2. What are the consequences? 

3. What is the suitable inspection interval?   

To answer the first question, we need to identify possible damage modes for the elements of a 

selected bridge type.  The likelihood of these damage modes occurring is then estimated by considering 

design, loading, and condition characteristics (attributes) of the element.  The potential for damage is 

categorized into one of four Occurrence Factors (OF), which was ranging from remote (very unlikely) to 

high (very likely).      

In the second step, the consequences are assessed in terms of safety and serviceability assuming 

the given damage mode occurs.  The potential consequences are categorized into one of four Consequence 

Factors (CF) ranging from low (minor effect on serviceability) through severe (i.e. bridge collapse, loss of 

life). 

Finally, we used a simple risk matrix to prioritize inspection needs and assign an inspection 

interval for the bridge, based on the results of Steps 1 and 2.  Damage modes that are likely to occur and 

have high consequences are prioritized over damage modes that are unlikely to occur or are of little 

consequence in terms of safety.  An RBI procedure was developed based on the assessment of typical 

damage modes for the particular bridges being assessed to specify the maximum inspection interval and 

identify key damage modes based on the RAP results.   

In the new RBI framework, bridge components (i.e. deck, superstructure, and substructure) are 

categorized into four broad categories in terms of the likelihood of damage and four categories in terms of 

the consequences of that damage.  Attributes of the components are included in the analysis; for example, 

the analysis of a bridge deck may include characteristics of the concrete mix, type of rebar, and concrete 

cover, etc.    
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The relatively broad categories for the OF and the CF reflect the complexities of analyzing and 

predicting the deterioration patterns for bridge components; in addition, these categories allow for 

sufficiently conservative analysis in the absence of detailed, specific data on the rates of failure and 

consequences.  The use of only four categories is intended to support practical application of the 

technology within realistic boundaries.    

Figure 2-4 illustrates the method of determining the inspection interval. The interval is based on 

the RAP assessment of the OF and CF, plotted on a simple two-dimensional risk matrix as shown in the 

Figure.  The OF and CF are used to place typical damage modes in an appropriate location on the matrix.  

In this Figure, the vertical axis represents the outcome of the Occurrence Factor assessment for a given 

damage mode for the given component. The horizontal axis represents the CF as determined for a particular 

damage mode for a given bridge element.  For instance, damage modes that tend toward the upper right 

corner of the matrix are likely to occur and have significant consequences associated with the damage 

modes, meaning the inspection needs are greater.  Damage modes that are unlikely to occur and are of little 

consequence tend toward the lower left corner of the matrix, meaning their inspection needs are less.  This 

is simply a rational approach to focusing inspection efforts; inspections are most beneficial when damage is 

likely to occur and is important to the safety and/or serviceability of the bridge; inspections are less 

beneficial for things that are very unlikely to occur, or are not important to the safety or serviceability of 

the bridge.  In this manner, inspection needs for a bridge, and consequently suitable inspection intervals and 

methods, can be identified based on an engineering assessment of needs.  

 

 

Figure 2-4. Risk matrix for determining maximum inspection intervals for bridges. 
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The overall framework for an RBI assessment is shown in Figure 2-5.   The first step is to select a 

family of bridges for analysis, for example, steel stringer bridges within a particular bridge inventory.  

Damage modes are identified for the deck, superstructure, and substructure of the bridges using an expert 

elicitation process to identify credible damage modes and consider characteristics, or attributes that 

contribute to the likelihood of damage over the next 72 month period.  A simple scoring process is 

developed that considers these attributes and provides a rational estimate of the likelihood of bridge 

deteriorating to a serious condition.  These data form the basis for estimating the OF, or likelihood of 

failure, given the damage mode considered and the attributes of a bridge.  The CF is also developed 

through a structured expert elicitation, and is generally based on the consequences in terms of safety and 

serviceability of the bridge.  These factors are combined to identify the appropriate inspection interval, 

which could range from 12 to 96 months (12, 24, 48, 72 or 96 months), based on the analysis and 

utilization of a risk matrix such as that shown in Figure 2-4.  An RBI inspection is then performed for a 

given bridge; inspection results are used to update the analysis. Typically, the inspection results will affect 

the estimate of the OF, or likelihood of serious damage occurring over the subsequent 72 month period.  

Consequences are typically uniform once established since they are based on an analysis of the outcome of 

serious damage occurring.  If necessary, a bridge is reassessed based on the inspection results and a reduced 

inspection interval may result from the progression of damage determined through inspection. If conditions 

are unchanged, the inspection interval remains the same.  In some cases, improvements or maintenance 

activities performed on a bridge may improve the durability characteristics of a bridge. This can result in an 

increased inspection interval if these activities reduce the likelihood of serious damage occurring.   

Through this process, individual bridges, or families of bridges of similar design characteristics, can be 

assessed to evaluate inspection needs from a risk-based engineering assessment of the likelihood of serious 

damage occurring and the effect of that damage on the safety and serviceability of the bridge.  The 

methodology can be applied throughout a bridge inventory, or to portions of a bridge inventory.  This 

approach considers the structure type, age, condition, and operational environment in a systematic manner 

to provide a rational assessment process for inspection planning.  The damage modes most important to 

ensuring the safety of the bridge are identified so that inspection efforts can be focused to improve the 

reliability of the inspection results.  
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Figure 2-5. Schematic diagram of the RBI process. 

 

2.2.1.1 Consequence Factors 

The CF is an important factor to be assessed under the RBI process.  The CF is a way to categorize 

the most likely outcome if a given damage mode were to result in failure of the considered element.  The 

assessment of consequence is focused on assessing and differentiating bridge elements in terms of the 

consequences, assuming that failure of the element occurs.  In this research, failure of an element is not an 

anticipated event when using an RBI approach. Rather, the consequences of failure are merely a tool to 

rank the importance of a given element, or component, relative to other elements for the purpose of 

prioritizing inspection needs.  

The CF is used to categorize the consequences of the failure of an element into one of four 

categories, based on the anticipated outcome.  Failure scenarios are considered based on the physical 

environment of the bridge, the structural characteristics of the bridge, the materials involved, and the 

typical or expected traffic patterns and loading.  These scenarios are assessed either qualitatively, through 

necessary analysis and testing, or based on past experience with similar failure scenarios.  The four level 

scale used to assign the CF is shown in Table 2-2.  The CFs range from low, used to describe failure 
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scenarios that are benign and very unlikely to have a significant effect on safety and serviceability, through 

catastrophic scenarios, where the threat to safety and life is significant.  Safety and serviceability limits, 

measurement method, are usually determined by reliability assessment panel (RAP) as will be shown in 

two case studies in chapter 4.  

Table 2-2. Consequence Factors for RBI. 

Level Category 
Consequence on 

Safety 

Consequence on 

Serviceability 
Summary Description 

1 Low None Minor 
Minor effect on serviceability,  

no effect on safety 

2 Moderate Minor Moderate 
Moderate effect on serviceability, 

minor effect on safety 

3 High Moderate Major 
Major effect on serviceability,  

moderate effect on safety 

4 Severe Major Major Structural collapse / loss of life 

 

2.2.1.2 Reliability Assessment Panel (RAP) 

As previously noted, the RBI assessment is conducted by an RAP and additional details regarding 

this panel are noted here. The RAP is an expert panel assembled at the owner level to conduct analysis to 

support RBI by assessing the reliability characteristics of bridges within a particular operational 

environment and the potential consequences of damage.  Design and construction specifications vary 

between states.  As a result, knowledge and expertise of the operational environment, historical 

performance characteristics, bridge management and maintenance practices, and design requirements for 

bridges and bridge elements is essential for conducting risk-based assessments.  Individuals with 

experience within the specific operational environment of the bridges are needed to conduct a semi-

quantitative analysis of the OF and the CF.  As such, the RAP panel should include engineers from the 

owner-agency (or working for the owner agency) that have direct experience with the bridge population 

being analyzed.  Typical RAP should include the bridge inspection program manager, maintenance 

engineers with experience with the performance of bridges in the operational environment, materials 

engineers and bridge inspection experts.  A structural engineer should be included in the panel to assist 

with the assessment of consequences.  
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2.2.1.3  Inspection Procedures in RBI 

Assessment of expected future performance of a bridge involves conducting a risk-based 

assessment.  A risk-based assessment requires an analysis of a bridge specific information regarding the 

current condition of each bridge element.  For example, to determine the appropriate OF for spalling 

damage in a concrete bridge element, one would have to know if spalling or delamination damage were 

currently present, and to what degree or extent.  Without this information, it would not be possible to assess 

the likelihood of severe damage developing over the next 72 months.  Therefore, it is necessary under the 

RBI approach to perform inspections that are capable of detecting and evaluating relevant damage modes in 

a bridge.  The relevant damage modes for specific bridge elements are identified through the RAP analysis 

of the OF, and this assessment provides the foundation for the inspection scope and procedures to be used 

in the field for future inspections.  The thoroughness of the inspection process is typically increased relative 

to, for example, component-level approaches that require only a single rating for a component 

(superstructure, substructure or deck).  Hands-on inspection for key parts of the bridge should be 

anticipated. 

Based on the analysis of the OF and the CF, damage modes for a bridge can be prioritized based 

on a number which is the product of these factors and is called Inspection Priority Number (IPN).  This 

prioritization does not limit inspection to only those damage modes with high IPN, but rather should 

provide enhanced criteria to inspectors so as to increase the reliability of inspections. 

2.3 Verification Methodologies for the RBI  

This section presents studies that have been conducted to verify risk- based methods.   Risk-based 

inspection planning processes typically consist of flexible inspection intervals and scope (i.e. method or 

procedure for inspection) that are based on a risk-assessment.  As previously noted, such risk-based 

approaches have been widely implemented in other industries.  For instance, API 580 recommended 

practice is intended to provide guidance on developing a risk-based inspection program for fixed equipment 

and piping in the hydrocarbon and chemical process industries (16).  API 581, which is an application of 

API 580, provides quantitative procedures to establish a risk based inspection for fixed, pressurized 

equipment (9).  ASME 1992 recommends an appropriate method for establishing a risk-based inspection 
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program for a facility or structural system (17).  ASME 2007 provides guidance to owners, operators, and 

designers of pressure containing equipment for developing and implementing an inspection program (7).  

Generally, these procedures and practices describe the requirements for RBI programs, but do not provide 

procedures for verifying the effectiveness and reliability of the RBI practices.  As such, the implementation 

of these RBI approaches relies on the assumption that adhering to the guidelines will result in effective 

inspection practices that maintain the required level of safety and service (18, 19).  

Moreover, achieving appropriate verification of the effectiveness of an RBI approach is very 

challenging because failures are rare, deterioration process such as corrosion takes significant time periods 

to manifest, and designs and operating conditions vary widely.  It is difficult to assess the effect of not 

conducting an inspection on the overall safety and serviceability of bridges, especially when looking 

forward toward the future, where performance is uncertain.    

Typical methods that have been used to demonstrate the effectiveness of risk assessment 

approaches include conducting pilot studies, example cases, and sensitivity analysis.  In a pilot study, the 

RBI approach is implemented to determine inspection intervals based on risk analysis for a limited number 

of components, and these intervals are utilized for future inspections (20).  Performance is monitored to 

evaluate if the inspection intervals are adequate to maintain safety over time.  This method is easy to 

implement and results will be based on the actual performance of the system.  However, this pilot study 

approach imposes some risks for users because the new inspection intervals are implemented without 

evidence or experience to establish that the intervals are suitable to maintain safety.  Additionally, 

developing sufficient data on the adequacy of the RBI approach takes significant time, particularly if 

deterioration mechanisms are slow.   

Some risk-based studies offer example cases to demonstrate that a proposed methodology is 

effective.  For example, Bowles summarized the result of a demonstration risk assessment conducted as a 

case study on the Alamo Dam.  The existing dam and 19 risk reduction alternatives were evaluated for 

flood, earthquake, and normal operating conditions.  Such studies show that the results are suitable based 

on engineering judgment used to assess one or more examples (21-27).  In some studies, different groups of 

experts applied the same method and then a comparison was made to test the effectiveness (28).  These 
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example cases illustrate the implementation of the risk assessment process, but lack empirical evidence that 

the resulting risk assessment is accurate or effective in achieving the desired outcome.   

Sensitivity analysis methods are another approach for evaluating a new risk-assessment method.  

These methods typically measure changes in the output due to changes in the input variables.  For a risk-

based method, this involves changing parameters that affect the risk and assessing the results to determine 

if the results are rational and in agreement with engineering judgment.  These analyses may be conducted 

in different ways.  Different sensitivity analysis methods were introduced for a risk-based study conducted 

for Transport for London (29).  A sampling based method was used to verify the result of the proposed RBI 

model for highway infrastructures in England.  In the study, the impact on the output values (i.e. risk rating 

of an individual structure) was assessed by applying a variety of input value/factor combinations such as 

condition, exposure severity, inspectability, and extent of failure (29).  Engineering judgment and rationale 

were used to assess the effectiveness of the risk models for analyzing the inspection needs for bridges.  

Another group of risk-based studies rely on the rationale of the method itself and assume that because a 

reliability-based approach is being used, the outcome of the analysis will be reliable (19, 30-35).  Based on 

this assumption, verification testing is unnecessary and the procedure itself is relied on to demonstrate 

effectiveness.   

For highway bridges, existing inspection practices have been in place for more than 40 years, and 

have generally provided adequate levels of safety and serviceability.  Rationale and evidence of 

effectiveness is required to motivate changes to the status quo.  The limitations of the existing approaches 

described above are such that additional procedures were necessary to prove the efficacy of the proposed 

RBI approach.  Requirements for the new approach included not imposing any risk on road users during 

implementation and providing direct evidence of the effectiveness of the new RBI Technology.  To meet 

these requirements, a new approach for verifying the RBI technology using backcasting was developed.  

The new methodology enables us to verify the results of RBI through objective empirical evidence 

provided in historical inspection records.  The backcasting process and the results of implementing this 

process to analyze the outcome of risk assessments for inspection planning are reported in chapter 4.   
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2.4 Current Models to Estimate Bridge Condition 

Statistical models will be used in this study to support decisions regarding the appropriate bridge 

inspection intervals and quantify the risk over the service life of bridges.  This section of the dissertation 

presents the state of the art regarding the current models that could be used for this purpose.  

For bridge management and inspection planning, determining the typical length of time that a 

particular bridge component is in a particular condition rating is important. Currently, there are two scales 

to describe the condition of a bridge: condition ratings and condition states.  Based on NBIS requirements, 

bridge owners are mandated to inspect their bridges every 24 months and report the condition rating. The 

NBI coding guide defines condition ratings as codes that  are used to describe the existing, in-place bridge 

as compared to that same bridge’s as-built condition (36).  Condition states were introduced in the early 

1990s and describe the condition of individual bridge elements, including quantitative data regarding the 

amount that a particular element is in each condition state (37).  Much study in recent years has focused on 

condition states, or span-by-span condition ratings, rather than NBI condition ratings.  For instance, a 

Weibull distribution based approach was employed to estimate bridge condition states and deterioration 

patterns in several studies [(38-40)].  Some studies took a Markovian approach to estimate transition 

probabilities from condition state data (41, 42). Similar studies were conducted to predict deterioration in 

decks using condition states and ratings [(43), (44)].  Mauch and Madanat used a specific semiparametric 

model which is called Cox proportional hazard model to develop a reliability model for bridge deck 

deterioration.  Eq. 2-4 shows the hazard function that was used in the model. 

ℎ𝑖(𝑡) = λ0(𝑡)𝑒𝑥𝑝{𝛽1𝑋𝑖1 + ⋯ + 𝛽𝑘𝑋𝑖𝑘  }               (2-4) 

 ℎ𝑖(𝑡) is hazard function and λ0(𝑡) is a baseline hazard function which is obtained empirically 

rather than using a parametric distribution.  𝑋𝑖1 to 𝑋𝑖𝑘   are set of k explanatory variables. 𝛽 is vector of 

parameters that is usually calculated by iterative methods. Figure 2-6 shows the time in state for bridge 

decks states with different condition states.  
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Figure 2-6.Empirical survival distribution functions for states 6, 7, and 8 (43) 

 

Tabatabai et al developed a model based on hypertabastic distribution which was originally 

developed for survival time of patients.  Eq. 2-5 shows the probability density function:  

𝑓(𝑡) = {
1 − sech {

𝛼[1−𝑡𝛽𝑐𝑜𝑡ℎ(𝑡𝛽)]

𝛽
}        𝑓𝑜𝑟 𝑡 > 0

0                                                             𝑓𝑜𝑟 𝑡 ≤ 0
           (2-5) 

The hypertabastic probability density function is (Eq. 2-6):  

𝑓(𝑡) = {
1 − sech[𝑊(𝑡)][𝛼 𝑡2𝛽−1 𝑐𝑠𝑐ℎ2(𝑡𝛽) − 𝛼𝑡𝛽−1 coth(𝑡𝛽)] tanh[𝑊(𝑡)]   𝑓𝑜𝑟 𝑡 > 0

0                                                                                                                             𝑓𝑜𝑟 𝑡 < 0
      (2-6) 

Where t is time,  𝛼 and 𝛽 are parameters of the distribution which are positive numbers, and 

𝑊(𝑡) =
𝛼[1 − 𝑡𝛽𝑐𝑜𝑡ℎ(𝑡𝛽)]

𝛽
 

Figure 2-7 shows the reliability functions that were developed for bridge decks in Wisconsin. These 

functions were based on the ages of bridges that were in poor condition based on the NBI definition. 

These models were based on the condition of bridges in year 2005.  Figure 2-7 shows the age 

distribution of bridges over 100 years.  Considering the available bridge records, and the fact that the bridge 

design and materials are evolving, these models could not be reliable.   
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Figure 2-7. Reliability for bridges with steel and concrete superstructures (44) 

 

Condition rating employed in Markovian methods were used to predict deterioration of bridges in 

Nebraska (45).  Sobanjo (46) studied the age that a bridge leaves a condition rating using a Weibull 

distribution approach to study condition ratings of bridges in good condition over a limited period of time.   

As have noticed, many of developed methods are difficult to execute by practitioners and they will be 

overwhelmed with the complexities of the models.  Additionally, the probability of human errors increases 

due to complexity of the applied parameters and methodology itself.  On the other hand, there are a lot of 

parameters with uncertainty in these models so that making a good estimation would be challenging and 

may not be precise enough to determine the bridge inspection intervals.   Moreover, in order to generalize 

the result, we need to select an appropriate sample size so that the result could be generalized throughout 

the bridge inventory, or at least, a family of bridges.  

There are more than 605,000 highway bridges in the US, and applying these types of methods in 

order to rank the reliability of bridges is very difficult. As these models show, it takes a long time that a 

bridge becomes unreliable (about 50 years). However, in practice, it is not acceptable for bridge owners to 

leave their bridges unattended for such a long period of time. A reason could be overlooking the 

serviceability limits in most of these models because of the unique attributes of bridges, which it may 

ultimately compromise the safety of the bridges. 

Many of the available models, discussed above, have been developed based on data over a short 

time and as will be shown in the next chapter, bridges usually remain in good condition for a long time, and 

any analysis should be conducted over a sufficiently long period.  In this research, historical data describing 
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significant bridge ratings (from poor to very good) in Oregon, Texas, Indiana, and Missouri over a 20-year 

time period were analyzed.  Distribution functions were computed based on a large number of bridges from 

the aforementioned states’ bridge inventories.    

2.5 Summary 

This chapter describes a new framework for inspection planning using RBI as a tool to determine 

the appropriate inspection interval for a bridge.  This methodology was developed to meet the goals of 

improving the safety and reliability of bridges and optimizing the use of resources.  As discussed 

previously, the current inspection requirements include a uniform inspection interval of 24 months.  

However, analysis of NBI data shows that this inspection interval may result in unnecessary inspections 

when bridges are in good condition.  Better utilization of resources could be achieved if these resources 

were focused where inspection needs were greatest.  RBI planning provides tools for these types of 

analyses.  Verification methods that have been used to verify the effectiveness of risk-based methods were 

discussed too. A literature review of current studies that may be used for bridge management systems was 

also presented in this chapter.   
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3 Statistical Models to Estimating Inspection Intervals 

3.1 Introduction 

As previously noted, the primary and most common interval for inspections is 24 months, an 

interval established at the initiation of the Federally-required bridge inspections following the Silver Bridge 

Collapse (5).  This inspection interval was determined based on engineering judgment, and has been 

successful for ensuring an adequate level of safety and serviceability for highway bridges since its initiation 

in 1971.  Since that time, bridge inspections have been carried out in all 50 states; data on condition ratings 

determined through inspection are maintained in the National Bridge Inventory (NBI).  As a result, there is 

a substantial database of information on the condition ratings of highway bridges which can be used to 

develop a statistically-based estimate of an appropriate inspection interval for a bridge.    

In other parts of the world, the primary inspection interval for a highway bridge is 72 months or 

more and, in this research, this is considered to be a feasible maximum interval in the analysis (47).  This 

chapter of the dissertation describes a new statistical approach to analyze inspection interval for highway 

bridges; this is based on analysis of historical condition rating data collected from 20-years of the routine 

inspections of highway bridges.  Statistical analysis was used to determine the likelihood of a bridge 

deteriorating from a good condition to a poor condition over some time period.  This analysis was based on 

the length of time a particular bridge stays in a particular condition rating before the rating changes 

(presumably to a lower condition rating), referred to herein as the “time in condition rating” (TICR).  These 

data could be used to estimate the inspection interval for bridges of a given type, assuming the range of 

possible inspection intervals was from 24 to 72 months.  One of the objectives of the research, which is 

discussed in this chapter, is to provide a simple, rational method that is data-based to support decisions 

regarding the appropriate bridge inspection interval.  The statistical analysis illustrated that an inspection 

interval of much longer than 24 months is appropriate for bridges in good condition.  Integrating developed 

statistical models in this chapter with the RBI method creates a new comprehensive method that would be 

capable of considering the serviceability of bridges. 
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3.2 Data Needed for Research 

Based on the NBI coding guide 1995 (36), “Condition ratings are used to describe the existing, in-

place bridge as compared to the as-built condition.” Condition codes are representative of the general 

condition of the entire component (i.e. deck, superstructure, and substructure).  Table 3-1 shows condition 

ratings from 0 to 9 and their descriptions for superstructures.  These condition ratings are subjective 

assessments assigned by bridge inspection teams.  A condition rating of “9” indicates that the 

superstructure has no problem and a condition rating of “0” indicates that a bridge is out of service owing 

to poor condition.  

Table 3-1. Condition rating for bridges Superstructure for Oregon in 2011 

Code Description No of Bridges Length of Bridges(m) % of No % of Length 

N Not Applicable 315 2609.6 4.28 0.72 

9 Excellent  Condition 14 557.6 0.19 0.15 

8 Very Good Condition 1352 50777 18.39 13.97 

7 Good Condition 3022 127959.2 41.10 35.21 

6 Satisfactory Condition 2090 133720.8 28.42 36.79 

5 Fair Condition 431 36727.4 5.86 10.11 

4 Poor Condition 100 8331.8 1.36 2.29 

3 Serious Condition 23 2624.7 0.31 0.72 

2 Critical Condition 4 53.9 0.05 0.01 

1 
"Imminent" Failure 

Condition 
0 0 0 0 

0 Failed Condition 2 82 0.03 0.02 

Total 7353 363444 100 100 

 

In this study, bridges with a condition rating of 4 (poor condition) to 8 (very good condition) were 

included in the statistical analysis.  Condition ratings of 0-3 are indicative of serious conditions and, 

therefore it is not desirable for bridge owners to have a bridge remain in such a condition. Consequently, 

bridges with these ratings are typically repaired, and the time interval in the condition is more 

representative of a measure of how quickly these bridges may be improved or repaired rather than how long 

they remain with this condition rating before transitioning to the next lower rating.  Therefore, there are not 

many bridges with condition ratings of 0-3 to be considered for the statistical analysis.  On the other hand, a 
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condition rating of 9 is usually assigned to recently constructed bridges, and time in this condition rating is 

typically very short.  Therefore, there are not many bridges with this condition rating to be included in the 

statistical analysis.  

To develop statistical models, the inventory of individual states were analyzed separately to 

maintain consistency in terms of condition rating-related policies and practices and other characteristics of 

a bridge’s operational environment such as maintenance and repair policies, ambient environmental 

conditions, and construction practices.  Twenty years of NBI data were analyzed for this study to provide 

near-contemporary information.  Loading patterns, designs, construction methodologies, maintenance 

practices, and other technologies are constantly evolving; data from more than 20 years ago may not be 

suitable for projecting future inspection needs.  For instance, statistics pertaining to each condition rating of 

bridge superstructures for Oregon are shown in Table 3-1.  This table shows that based on the most recent 

NBI record analyzed (2011), 98.37% of total length of bridges in Oregon had condition ratings in the 4-8 

range, and again, this justifies the focus of this study on condition ratings of 4-8. 

The material of construction for the main span(s) of the bridge’s superstructure is described in the 

NBI coding guide (36) based on the material and span configuration (simple or continuous). Codes 1-6 are 

used for concrete, concrete continuous, steel, steel continuous, prestressed-concrete, and prestressed 

concrete continuous, respectively. Posttensioned bridges belong in the last two groups, Codes 5 and 6.  For 

this study, span configuration was not considered such that both Codes 1 and 2 were considered concrete 

bridges, steel was used for Codes 3 and 4, and finally, prestressed concrete for Codes 5 and 6. For instance, 

Table 3-2 shows that 97% of the total lengths of the bridges in the Oregon inventory were constructed from 

these materials.  

This study included bridges with condition ratings in the 4-8 range throughout the 20-year period 

examined, as well as bridges that had adequate inspection histories within the NBI database.  Bridges that 

were constructed recently, such that the bridge had a short condition rating history, were omitted from the 

study.  Given that durability characteristics and construction technologies are generally improving, omitting 

recently constructed bridges is a conservative approach.     
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Table 3-2. Bridge population statistics for Oregon 

Description No. Length (m) % of No. 
% of 

Length 

Average Age 

(Year) 

Concrete 2050 87,000 28 24 55.2 

Steel 1089 109,160 15 30 48.5 

Prestressed 

Concrete * 
3612 154,877 49 43 28.9 

Other 602 12,408 8 3 49.3 

Total 7,353 363,444 100 100 40.8 

*Posttension bridges are considered in this category 

In the next sections, it will be shown how these data can be analyzed to provide probabilistic 

representation of the TICR, and how these data may be used to support a rationale inspection interval for 

highway bridges.      

3.2.1 Assumptions 

The condition ratings used for describing the condition of bridges, under the NBIS, are subjective 

ratings that do not include information on the reason or cause of deterioration that has resulted in the 

particular condition rating.  The damage modes and deterioration mechanisms active on a particular bridge 

are not included in these data, and therefore, these data must be considered appropriately.  A bridge with 

poor durability characteristics may deteriorate much more rapidly than one with good durability 

characteristics; a bridge with a fast-acting deterioration mechanism, such as the debonding of an overlay on 

a deck, may deteriorate much more rapidly than a deck with slow-acting corrosion mechanisms in the 

bridge deck.  These data are not included in the NBI ratings.  

Modern bridges, designed to modern standards and with improved durability characteristics, may 

perform much better than an older bridge, without improved durability characteristics, in the same 

operational environment.  Certain bridges may have design details which makes the bridges susceptible to 

fatigue cracking or other deterioration mechanisms that result in its overall performance not being well-

described by average values or other population data.  Attributes of a bridge that may make it particularly 

susceptible to certain deterioration mechanisms need to be considered in estimating an inspection interval.  

Under the statistical analyses described herein, the specific attributes of individual bridges were not 

considered; the analysis only describes general behavior and average values for deterioration of bridges 
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from one condition to another, but the RBI method considers these attributes.  The lack of specificity in the 

analysis is mitigated by providing large margins and performing conservative analysis of existing data; 

however, individual attributes of bridges should be a consideration in application of the approach described 

in chapter 2.  For example, as it will be shown in the next chapters, a bridge with a steel superstructure 

containing a pin and hanger connection may have a different deterioration pattern that other steel bridges 

without a pin and hanger connection.  Critical attributes such as these need to be identified as part of 

inspection planning.    

Research presented in this chapter focuses on the statistical analysis of bridge condition ratings to 

illustrate the proposed approach to estimating inspection intervals; this analysis is intended to be coupled 

with an engineering assessment of key attributes of a bridge.  The bridge superstructure is typically the 

primary load path, and as such, its condition rating is an important representation of the structural safety of 

the bridge.  The deterioration of the bridge deck may play a significant role in maintaining the 

serviceability of the bridge, and the analysis described herein could be used to assess inspection intervals 

based on the deck condition ratings; this chapter focuses on the superstructure and deck due to the 

important role they play in the safety and serviceability of a bridge.  An example showing consideration of 

superstructure and deck deterioration is also included to illustrate typical results. Developed models for 

superstructures, decks, and substructures in Oregon, Texas, Indiana, and Missouri can be found in appendix 

B.  

3.2.2 Data Reduction 

This section explains a new method that was employed in order to improve the certainty of the 

time intervals that were derived in this study.  As stated previously, the NBI data for Oregon, Texas, 

Indiana, and Missouri were analyzed to determine the typical periods of time that a bridge component was 

in a particular condition rating.  However, the data sets are incomplete because there are no data prior to 

1992 or after 2011.  As such, determining the actual time interval that a given component (i.e. deck, 

superstructure, and substructure) was in a particular condition rating presents a challenge.  For example, 

assume a bridge is in condition rating of 5 in 1992, and changes to a condition rating of 4 in 1996.   If one 

assumes that the time in condition for this bridge is 4 years, this ignores the fact that the bridge may have 
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had a condition rating of 5 for 10 years before 1992.  By the same token, if the bridge is in condition rating 

of 5 in 2009, and the data end at 2011, assuming that the bridge has a time in condition of 2 years does not 

represent the fact that the bridge may remain in that condition for another 10 years or more.  Therefore, it is 

necessary to appropriately “trim” these data, entering and leaving the time interval where complete data are 

available, to ensure that the derived data are representative of the actual behavior of the bridge.  

Figure 3-1 shows an example of the superstructure rating for a bridge over time, with four 

examples of possible rating patterns that may occur within the NBI data surrounding the time interval 

where NBI data was available (1992-2011).  Each pattern is described in Table 3-3.  For example, a 

condition rating may have decreased immediately preceding the beginning of the time interval (Case A), 

the condition rating may have increased immediately preceding the time interval (Case B), or the condition 

rating may have remained unchanged at the beginning of the time interval (Case C).   The same cases may 

occur at the end of the time interval, as described in Table 3-3.  It is not possible to know which of these 

circumstances occurred outside the time interval of the data analyzed.   

One method of assessing the data would be to simply assume that Case A or Case B occurred and, 

as such, assume the TICR for a given superstructure in a certain condition rating started at the beginning of 

the interval of data assessed (1992), or similarly ended once the interval ended (2011).  This approach 

would tend to underestimate the TICR overall.  Another method could be to eliminate the sequence of 

condition ratings at the beginning and the end of each interval whenever a change occurred within that time 

interval.  For example, in Cases A, B, and C of Figure 3-1, one could eliminate condition rating data 

between 1992 -1995 and 2009-2011 based on this method.  However, one of the challenges of this method 

was that some indicative and useful data were eliminated from the database.  For instance, as shown in 

Case D of Figure 3-1, when there is only one change in condition rating within the time interval of 1992-

2011, both ratings would be eliminated. 

 To address this problem, the research team decided to eliminate data from the beginning or end of 

the time interval for cases where the time in condition rating (TICR) is equal or less than a specific time 

period.  This helps to retain much of the useful data and reduces bias that could originate from the 

exclusion of these data.  In this research, data were trimmed from the data set if the TICR were 5 years or 

less of consecutive data in a condition rating at the beginning or end of the available time interval. The 
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trimming value of 5 years was selected based on a study of different possible trimming values, ranging 

from 3 to 7 years.  This study indicated that the specific trimming value (3, 5, or 7 years) had only a small 

effect on the outcome of the analysis in terms of the TICR as shown in Table 3-4; therefore, 5 years was 

selected as an acceptable median value that ensured sufficient data were available for the analysis.  This 

method of trimming the data provided a suitable result because the analysis indicates that TICR are 

typically much larger than 5 years for components in reasonably good condition (Condition ratings of 6-8).   

Table 3-3.  Description of Each Possible Case for Condition Rating Data Set 

For the beginning of the interval: 

Case A: The condition rating dropped one year before 1992 

Case B: Due to some repairs in 1991, the condition rating increased in 1992 

Case C: There is no change in the condition rating 

Case D: One condition rating change in the time interval of 1992-2011 

For the end of the interval: 

Case A: No change in the condition rating after 2011 

Case B: The condition rating drops after 2011 

Case C: The condition rating increases because of repair 

 

An additional challenge that arises in analyzing the NBI data is sudden changes in condition 

ratings for only a single inspection cycle.  For example, for Case C of Figure 3-1, the condition rating drops 

from 7 to 6 for a single year and then returns to a condition rating of 7.  Rating the condition of a bridge is a 

subjective matter, and such changes simply may indicate a different inspector’s assessment of the same 

condition (48).   Although this case happens rarely, such a case was addressed by reducing the TICR by one 

year, e.g. 13-1=12 years in condition rating of 7 for Case C in Figure 3-1, which is a conservative 

assumption.   
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Figure 3-1. Example Patterns of Condition Rating Data Set 

 

Table 3-4. Superstructure of bridges with Prestressed Concrete materials in Indiana 

 Condition 4 5 6 7 8 

A
ll

 

Number 774 1291 2648 4678 4124 

Average 4.61 5.06 6.39 10.58 9.47 

Stdv 3.21 3.87 4.81 6.17 6.00 

3
 y

ea
rs

 Number 560 909 2029 4124 3482 

Average 5.56 6.34 7.57 11.53 10.78 

Stdv 3.19 3.77 4.69 5.73 5.52 

5
 y

ea
rs

 Number 566 939 2003 4166 3415 

Average 5.25 5.86 7.33 11.30 10.72 

Stdv 3.36 4.01 4.93 5.97 5.73 

7
 y

ea
rs

 Number 435 695 1520 3471 2853 

Average 5.55 6.51 8.05 12.38 11.81 

Stdv 3.57 4.23 5.19 5.69 5.50 

 

The data reduction was completed, and these data were first analyzed assuming a normal 

distribution to provide estimates of the average TICR for each condition rating and assess the effects of the 

data trimming in an iterative process.  The next section provides data for the TICR base on a deterministic 

model; the section that follows will examine a stochastic model as a means of analyzing these data.  
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3.3 Statistical Models 

Statistical models will be used in this study to support decisions regarding the appropriate bridge 

inspection intervals. Two types of models will be developed in this study: deterministic model and 

stochastic model.  A deterministic model is developed regardless of the randomness of data. Usually 

arithmetic means and standard deviations are applied for these models. In a stochastic model, the 

probabilistic nature of data is considered. Therefore, unlike a deterministic approach that provides a point 

estimate for a given parameter, there is a random variable and a distribution for a given parameter in a 

stochastic model.  Both models will be shown in this section, however, stochastic models will be used to 

quantify the risk and assess the reliability of bridges over their service lives. 

3.3.1 Deterministic Model 

A simple means of analyzing the TICR for bridge components is to simply calculate the means 

and standard deviations using standard methods.  Figure 3-2 shows the mean value of the TCIR results for 

prestressed-concrete bridges in the state of Oregon for each of the condition ratings analyzed.  As shown in 

the figure, bridge superstructures rated in good condition tend to have longer intervals in that rating; as the 

rating decreases, the time in a particular rating decreases.  For example, for the prestressed-concrete bridge 

superstructures shown Figure 3-2, the average time period a superstructure was rated 8 was almost 14 years 

(σ = 4.9 years), but the time period a superstructure that is rated a 5 is less than 5 years (σ = 2.7 years).  The 

average time during for a prestressed-concrete superstructure was rated 6 was 6.5 years (σ = 3.8 years).  

Similar TICR graphs are shown in Figures 3-3 and 3-4 for bridges with steel and concrete superstructures.   

Assuming a deterministic model for the time in condition ratings, error bars in Figures 3-2 and 3-4 

indicate +/- one standard deviation from the mean value.  It can be observed from these data that about a 

mean TICR + one standard deviation did not exceed twenty years for any of the materials analyzed in the 

study.  This indicates that at least 84% of the TICRs would be less than 20 years for any material in any 

condition rating studied (simply assuming a normal distribution for condition rating).  These data suggest 

that analyzing 20 years of data would be adequate for the purposes of the study since the vast majority of 

TICRs were less than 20 years.   
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Figure. 3-2. Time in condition rating for prestressed concrete bridge superstructures based on NBI 

data for Oregon 
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Figure. 3-3. Time in condition rating for steel bridge superstructures based on NBI data for Oregon 
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Figure. 3-4. TICR for concrete bridge superstructures based on NBI data for Oregon 
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3.3.2 Stochastic Model for TICR 

This section explains the stochastic method that was employed to determine characteristics of the 

TICR distribution for different families of bridges. The means and standard deviations of the time in each 

condition rating were shown in the preceding section for a deterministic model. These values show the 

average time in condition rating without dealing with the random nature of this parameter and considering 

that this parameter may be better described using a different probabilistic distribution.  To address the 

randomness of the TICR variable and to determine the most appropriate distribution, a study was conducted 

using a goodness-of-fit tests approach. There are several goodness-of-fit tests and, in this research, the 

Anderson-Darling test was used to find the most suitable distribution for the NBI data. Details of the 

method are described in the next section.  

3.3.2.1 Goodness of fit test 

The Anderson- Darling (AD) goodness of fit test was used to see how well a given distribution 

function fit to a given data set. Lower values of the AD statistic generally indicate a better fit, and it is 

considered suitable to compare this statistic between different distributions as a means of assessing the 

appropriate distribution to choose.  The distribution with the smallest AD statistic is the best fit to the data 

(49, 50). This principle was used to find the best fit distribution. Assuming that there are n pieces of data 

such that  𝑥1 ≤ 𝑥2 ≤ ⋯ ≤ 𝑥𝑛 . The AD statistic can be calculated using Eq. (3-1) (51): 

𝐴𝐷 = 𝑊𝑛
2 = −𝑛 −

1

𝑛
∑ (2𝑗 − 1)𝑛

𝑗=1 [𝐿𝑛 𝑢𝑗 + 𝐿𝑛 (1 − 𝑢𝑛−𝑗+1)]  (3-1) 

Where, 

n is the number of observation in the sample in order 

𝑢𝑗 = 𝐹(𝑥𝑗) that F is the cumulative distribution function of the specified distribution.  

𝑊𝑛
2 is the AD statistic 

Well-known distributions such as the normal, lognormal, exponential, Weibull, and gamma were 

considered in this research. The AD statistic for concrete, prestressed-concrete, and steel superstructure in 

condition ratings of 4-8 was computed for each of these distributions.  Tables 3-5 and 3-7 show statistics 

for different superstructures.  The results show that the Weibull distribution is likely the best fit among the 

distributions. Furthermore, for bridges with concrete and prestressed-concrete superstructure with lower 
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condition ratings such as 4 and 5, the lognormal distribution is competitive with the Weibull distribution. 

For higher condition ratings such as 8, the normal distribution provides distribution as fit as Weibull 

distributions. Considering that there is little difference between calculated AD statistics of Weibull 

distribution with other candidate distributions with minimum AD statistic, and the fact that Weibull 

distribution could approximate normal and lognormal distributions when appropriate parameters were 

selected, Weibull distribution was used as the most suitable distribution for all condition ratings.    

Table 3-5. Anderson-Darling Statistic for Concrete Superstructures 

Condition 

Rating 

Anderson-Darling Statistic 

Normal Lognormal Exponential Weibull Gamma 

4 4.2 2.2 8.5 2.3 2.2 

5 14.3 7.7 21.3 7.5 7.7 

6 11.2 28.3 70.3 11.2 16.2 

7 8.1 23.4 112 5.0 10.0 

8 3.0 19 62.7 5.2 10.4 

 

Table 3-6. Anderson-Darling Statistic for Prestressed-Concrete Superstructures 

Condition 

Rating 

Anderson-Darling Statistic 

Normal Lognormal Exponential Weibull Gamma 

4 3.0 1.4 2.1 1.9 1.9 

5 3.5 2.2 6.2 2.3 2.3 

6 5.2 9.4 24.3 4.3 5.8 

7 21.1 23.9 136.0 11.6 12.6 

8 22.2 73.6 304.6 26.9 47.3 

 

Table 3-7. Anderson-Darling Statistic for Steel Superstructures 

Condition 

Rating 

Anderson-Darling Statistic 

Normal Lognormal Exponential Weibull Gamma 

4 2.9 1.4 3.6 1.7 1.7 

5 3.0 3.7 8.3 2.1 2.5 

6 6.3 12.3 35.9 4.5 6.3 

7 3.1 22.4 90.8 4.9 11.8 

8 2.2 7.9 15.1 3.4 4.7 

 

The Weibull distribution is suitable to describe the distribution of the TICRs.  In fact, the Weibull 

distribution has been used favorably to describe time to failure for many electrical and mechanical devices 
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(52, 53).  In this research, failure of a given superstructure was defined as the when the condition rating 

changed.  For example, if the condition rating of the superstructure for a bridge changes from 7 to 6 while 

the superstructure of a bridge had had a condition rating of 7 for 12 years, this meant that the failure time 

was 12 years for a condition rating of 7.  

3.3.2.2 Estimating Parameters of Weibull distributions  

In terms of analyzing time to failure, the Weibull distribution provides the most flexibility for 

analysis (52, 53).  In this study, the random variable is time in condition, and the failure for a given 

condition rating means a given component of a bridge is not in that condition rating anymore. Weibull 

probability density function(PDF) is defined in Eq. (3-2) (52): 

𝑓(𝑡) =
𝛽(𝑡−𝛿)𝛽−1

𝜃𝛽 exp (− (
𝑡−𝛿

𝜃
)

𝛽

) , 𝑡 >  𝛿       (3-2) 

Where, 

t= variable that shows time over which superstructure of a bridge has a particular condition rating  

𝛽 = shape parameter 

𝜃 = scale parameter 

𝛿 = location parameter  

The shape parameter  𝛽 takes any values between 0 to ∞. When 0 < 𝛽 < 1, the Weibull 

distribution describes a decreasing failure rate characteristic of infant mortality (i.e., early-age failures that 

decrease with time).  When 𝛽 = 1, the failure rate is constant; i.e. failure is time independent.  Values of 𝛽 

that are greater than 1 describe a wearing out failure in which the rate of failure increases over time. The 

scale parameter 𝜃, sometimes called the “characteristic life,” indicates the time when 63% of the population 

has failed.  The location parameter 𝛿, sometimes called the guarantee time, represented a time period in 

which no failures occur at the beginning of the service life of a component (53).  When there is no assumed 

delay time in the initiation of failure, a two-parameter Weibull distribution can be used in which it is 

assumed that  𝛿 is equal to 0; i.e. there is no time period, once the service life initiates, in which failure is 

not possible.  For bridges, once service life begins, failures are possible, although unlikely, as described 

above.  Therefore, a two-parameter Weibull distribution was used in this research.  
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The Maximum Likelihood method was used to calculate the Weibull distribution parameters.  

Tables 3-8 to 3-10 show the calculated parameters for condition ratings of 4-8 for the bridges studied in 

Oregon.  These tables include the 95% confidence intervals (upper and lower bound) for the β and θ 

parameters and the P-values.    

Table 3-8. Weibull Distribution Characteristics for Concrete Bridges in Oregon 

Parameters CR=4 CR=5 CR=6 CR=7 CR=8 

shape parameter (β) 1.64 1.52 1.88 2.07 2.21 

scale parameter (𝜽) 5.22 5.95 8.59 10.87 10.40 

Mean 4.67 5.37 7.62 9.63 9.21 

Standard Deviation 2.91 3.59 4.21 4.89 4.40 

Median 4.18 4.68 7.07 9.10 8.81 

βUpperBound 1.88 1.65 1.99 2.16 2.37 

βLowerBound 1.44 1.41 1.78 1.97 2.07 

𝜽 Upper Bound 5.87 5.55 8.94 11.21 10.85 

𝜽 Lower Bound 4.65 6.39 8.25 10.56 10.02 

P-Value 0.01 <0.01 <0.01 <0.01 <0.01 

No. of Samples 117 337 739 1127 546 

 

Table 3-9. Weibull Distribution Characteristics for Steel Bridges in Oregon 

Parameters CR=4 CR=5 CR=6 CR=7 CR=8 

shape parameter (β) 1.58 1.62 1.86 2.5 1.77 

scale parameter (𝜽) 4.53 6.84 9.10 12.95 8.83 

Mean 4.07 6.13 8.08 10.65 7.86 

Standard Deviation 2.63 3.88 4.50 4.56 4.58 

Median 3.60 5.46 7.47 10.36 7.18 

βUpperBound 1.95 1.845 2.01 2.70 1.98 

βLowerBound 1.28 1.42 1.73 2.38 1.59 

𝜽 Upper Bound 5.45 7.62 9.61 13.37 9.56 

𝜽 Lower Bound 3.77 6.15 8.61 12.55 8.16 

P-Value 0.01 0.01 <0.01 <0.01 <0.01 

No. of Samples 51 141 406 645 214 
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Table 3-10. Weibull Distribution Characteristics for Prestressed Concrete Bridges in Oregon 

Parameters CR=4 CR=5 CR=6 CR=7 CR=8 

shape parameter (β) 1.26 1.72 1.76 2.10 3.10 

scale parameter (𝜽) 4.18 5.22 7.28 11.51 15.20 

Mean 3.89 4.65 6.48 10.19 13.41 

Standard Deviation 3.11 2.79 3.81 5.09 4.73 

Median 3.60 4.22 7.47 10.36 7.18 

βUpperBound 1.72 2.05 1.92 2.20 3.25 

βLowerBound 0.92 1.44 1.61 2.01 3.00 

𝜽 Upper Bound 6.19     6.03     7.78     11.83 15.44 

𝜽 Lower Bound 2.83    4.52 6.82 11.20 14.96 

P-Value 0.01 0.01 <0.01 <0.01 <0.01 

No. of Samples 18 70 316 1273 1692 

 

The ranges of the calculated shape factors in the Weibull distribution for all of the distributions are 

between 1 and 3.1.  This is consistent with the fact that Weibull distribution is flexible and that shape 

factors in this range produce normal and lognormal distributions (52).  Most shape factors for condition 

rating 7 and 8 were greater than 2, indicating that these distributions had a right-tale; in other words, some 

portion of the population was expected to have a TICR significantly larger than the mean.  It should be 

noted that the number of bridges with condition ratings of 4 and 5 is reduced relative to bridges with 

condition ratings of 6-8, resulting in a smaller population on which statistics are based.  

Importantly, the scale parameter, or characteristic life, increases with increasing condition rating.  

In other words, the characteristic life of a superstructure with condition rating of 7 is greater than that a 

bridge with a condition rating of 6, which is greater than a bridge with a condition rating of 5, and so on.  

Therefore, a bridge in good condition remains in that condition for a longer period of time, relative to a 

bridge with a lower condition rating.   For example, considering prestressed- concrete bridges with 

condition ratings of 7, it takes more than 11 years for 63% of the bridges to have changed condition rating, 

whereas for steel bridges with a condition rating of 5, it takes only about 5 years.  These data indicate that a 

bridge in good condition tends to stay in good condition for a long time.  As condition ratings decrease, 

presumably as a result of deterioration processes, the TICRs decrease as deterioration accelerates.   
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The PDFs of condition ratings of 4-8 for each type of bridge studied are shown in Figures 3-5a 

and 3-7a. These figures show graphically the data presented in Table 3-8 thru 3-10 and illustrate the overall 

behavior of each bridge type studied.  Figure 3-5c shows a histogram of the data for concrete bridges with 

conditions rating of 7 with the Weibull distribution superimposed on these data.  This figure illustrates the 

relationship between the selected distribution and the actual data from the NBI for a typical data set.  

3.3.2.3 Cumulative Density Functions 

The cumulative density function (CDF) is the area under PDF up to some time, T.  This shows the 

probability of failure before a specific time, which mathematically means the random variable t, time in 

condition, has a value less than T. Eq. (3-3) shows how CDF is calculated from the PDF and Eq. (3-4) 

shows the final form of CDF.  

𝐹(𝑡) = ∫ 𝑓(𝜏)𝑑𝜏
𝑡

∞
         (3-3) 

𝐹(𝑡) = ∫ [
𝛽(𝜏−𝛿)𝛽−1

𝜃𝛽 𝑒
(

𝜏−𝛿

𝜃
)

𝛽

]
𝑡

∞
𝑑𝜏 = 1 − 𝑒

(−(
𝑡−𝛿

𝜃
))

𝛽

     (3-4) 

The CDFs of superstructures of bridges with concrete, prestressed- concrete, and steel materials 

are shown in Figures 3-5b and 3-7b.  These diagrams show the probability of failure before a specific time 

for a particular condition rating ranging from 4 to 8.  As shown in the subsequent sections, these diagrams 

provide very powerful tools for bridge management to predict the likely condition rating of a bridge over 

time.  These CDF diagrams also show that it is very likely that the condition rating of a bridge 

superstructure changes before 20 years. This can also be understood considering the significant sample size 

of bridges used in this study and the fact that the scale parameters shown in Tables 3-8 thru 3-10 are 

significantly less than 20 years. Therefore, the assumption of a 20 year time window is very suitable to 

study time in condition ratings and to find the suitable statistical distribution.  
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Figure. 3-5. PDF (a) and CDF (b) for concrete bridges in Oregon, and the sample data overlaid on 

the Weibull distribution of  condition rating 7 (c). 

 

 

Figure. 3-6. PDF (a) and CDF (b) for prestressed concrete bridges in Oregon 
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Figure. 3-7. PDF (a) and CDF (b) for steel bridges in Oregon 

 

As can be observed in these figures, for bridges in good condition, such as those with condition 

rating of 7 or 8, distribution functions are broad, and median values are greater than bridges in fair to poor 

condition, i.e. rated 5 or 4.  For these bridges with higher condition ratings, the distribution has a right tale 

that extends off the figures in many cases, representing bridges with TICRs of more than 20 years.   

These data can be used to estimate an appropriate bridge inspection interval to ensure structural 

safety of the superstructure component.  We assume here that a condition rating of 3 (serious condition) 

represents a bridge with compromised structural adequacy.  The mean number of years in each condition 

rating could be summed to determine the average time it would take a bridge presently in good condition to 

deteriorate to a serious condition. For example, assuming a prestressed-concrete superstructure component 

that is currently rated a 7 and changes to a 6 immediately, the average number of years to progress to a 

condition rating of 3 is ~15 years (6.48+4.65+3.89~ 15 years).  Given a maximum inspection interval of 72 

months (6 years), at least 2 inspection cycles would be completed within this 15 year period.   

During these inspections, if deterioration occurs more rapidly than initially envisioned, the 

inspection interval could be reduced appropriately.  These data support the rationale that a significant 

margin exists when considering a bridge currently with a condition rating of 7.  This is particularly obvious 

if the inspection interval is the uniform 24 months currently required under the NBIS.  Under the current 
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NBIS requirement, at least seven inspections would be conducted during the time interval it takes an 

average bridge to progress from a condition rating of 7 down to a 3.  Many of these inspections may be 

unnecessary.  If one uses the scale parameter, or characteristic life in each condition rating, the number of 

years is even larger (~16.7 years) to progress from a condition rating of 7 to condition rating of 3.  A 

rational assessment of these data indicates that the inspection interval of 24 months is extremely 

conservative when considering the likelihood that the superstructure may be compromised.  

As will be shown, when considered within a risk-based method, which identifies attributes of bridges that 

are likely to cause more (or less) rapid deterioration and inspection planning is completed based on risk 

assessment, these data can provide important rationale for extended inspection intervals that is well-

founded, rational, and based on quantitative, historical data.    

3.4 Statistical Models for Decks 

This part of the dissertation focuses on the statistical analysis of bridge decks condition ratings for 

two purposes: first, to illustrate that it is practical to categorize bridge decks based on the type of the 

superstructure and secondly, to develop a statistical model for estimating inspection intervals for decks.  

This analysis is intended to be coupled with an engineering assessment of key attributes of a bridge such as 

the RBI method that was explained in chapter 2.  The bridge deck is typically the primary component to 

interact with vehicles, and therefore, its condition rating is an important representation of the serviceability 

of the bridge.  The deterioration of a bridge’s deck may play a significant role in maintaining the 

serviceability of the bridge, and the analysis described herein could be used to assess inspection intervals 

based on the deck condition ratings.  Illustrative examples will be also included in next sections to show the 

typical results.  

In order to find a practical and suitable method for categorizing bridge decks for further studies, it 

is necessary to have a suitable criterion.  Deterioration of a highway bridge deck may be affected by 

different factors, such as condition, loading, and design attributes of a bridge.  As will be shown in detail, a 

study was conducted on highway bridges in Oregon and Texas to identify the most important damage 

modes and pertinent contributing mechanisms in decks, using an expert elicitation method,.  The study 

found that the deck deterioration process may be affected by current condition of the deck (presence of 
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delamination or existing cracks), Average Daily Traffic (ADT), type of loading, bridge environment (i.e. 

applying chemicals deicing or type of tires), type of rebar, skew angle, slab thickness, and type of span 

(simple or continuous) .  

It is difficult to develop a comprehensive model that considers all of the stated factors.  Therefore, 

among bridge experts it is generally acceptable to categorize bridge decks based on the type of the material 

utilized in the superstructure. This is because experts believe the flexibility of the superstructure may affect 

cracking in the deck. When the number and depth of cracks increases, consequent damages such as rebar 

corrosion, delamination, and ultimately spalling in the deck may increase.  However, few studies have 

focused on the relationship between deck performance and the type of the superstructures.  For instance, 

Burke concluded that excessive flexibility of superstructure causes premature concrete deck problems (54).  

Zhou et al investigated the effects of flexibility of the superstructure on decks using a finite element model 

for one bridge (55).  Available studies focused on just few bridges because structural modeling and 

studying the interaction of a bridge deck and superstructure is time consuming and difficult to execute.  

Therefore, the sample size is not large enough to generalize the theory and make meaningful inferences 

throughout the bridge population. Tabatabai et al concluded that the type of superstructure is important 

during reliability analysis of bridge deck using descriptive statistics and comparing the mean values (44).  

However, to prove this claim, it is necessary to see that these differences were not originated from sampling 

or probabilistic nature of the data and these data are really different at a certain confidence level. In this 

research, TICRs of approximately 18,500 highway bridge decks in States of Oregon and Indiana were 

analyzed over a 20 year time period to investigate the performance of highway bridge decks in different 

types of superstructures with different condition ratings.  An analysis of variance test was used to show that 

the differences in TICRs of decks with different superstructure materials are statistically significant. 

3.4.1 Comparison between Deck Performance with Different Superstructure Materials Based on 

Deterministic Model 

As previously noted, a simple mean of analyzing the TICR for bridge decks was to simply 

calculate the means and standard deviations using standard methods.  Figure 3-8 and 3-9 shows the mean 

value of the TCIRs of decks for all types of bridges (based on the materials utilized in the superstructure) in 
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the state of Oregon and Indiana and for each of the condition rating.  As shown in Figure 3-9, bridge decks 

rated in good condition (7) tend to have longer intervals in that rating; as the rating decreases, the time in a 

particular rating is reduced.  For example, for the deck of bridges with prestressed-concrete superstructures 

illustrated in the figure, the average time period a deck was rated 7 was almost 11 years (σ = 5.5 years), but 

the time period that a deck was rated a 4 is about 4.5 years (σ = 3 years).  The average time period for a 

deck in a steel superstructure that was rated a 7 is 10.5 years (σ = 5.2 years) but the time period a deck was 

rated 4 was 5.7 years (σ = 4.2 years).  Similar TICR graph is shown in Figure 3-8 for bridge decks in 

Oregon.  These figures show the TICRs for bridge decks with different superstructures are likely different.  

As will be shown in the next section, ANOVA test was applied to determine whether or not the variation 

between TICRs of decks in different superstructures is statistically significant.  

Again, assuming a deterministic model for the time in condition ratings, it can be observed from 

these data that the mean TICR + one standard deviation did not exceed twenty years for any of the 

materials analyzed in the study.  This indicates that at least 84% of the TICR would be less than 20 years 

for any material in any condition rating studied (simply assuming a normal distribution for condition 

rating).  These data suggest that analyzing 20 years of data was adequate for the purposes of the study 

because the vast majority of TICRs for decks were less than 20 years.   
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Figure 3-8. Mean value of TICR for decks in Oregon 
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Figure 3-9. Mean value of TICR for decks in Indiana 

 

3.4.1.1 Analysis of Variances (ANOVA) Test 

In this research, it is of interest to see whether decks can be categorized based on the type of 

superstructures.  It is necessary to illustrate that there are differences in the mean value of TICRs of decks 

for bridges with concrete, prestressed-concrete, and steel superstructures which cannot be attributed to 

random sampling (56).  Therefore, the one way ANOVA test was applied to check this theory.  One way 

ANOVA was used because only the effect of the type of material in superstructure (as a factor) was 

considered to compare TICRs.  The null hypothesis and alternative hypothesis were as follows: 

H0: There are no differences among TICRs 

H1: A difference exists among the groups 

If the null hypothesis is rejected, then alternative hypothesis can be accepted.  At the same time, if 

the null hypothesis is not rejected, it does not mean that the null hypothesis is accepted; in other words, 

there may or may not be a relationship between deck performance and the type of the superstructure.  

Three required assumptions for conducting ANOVA test are: 

 Data are independent 

 Distribution of each group is normal  
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 The variances are the same for all groups 

In practice, it is difficult to find groups with these ideal characteristics.  Hence,  Riffenburgh stated 

that “Analysis of variances is fairly robust against these assumptions, so we need not be stringent about 

them, but the data should not be extremely far off” (57).  The Weibull distribution has been considered as a 

suitable distribution for time to failure analysis including TICRs for bridges (52, 53, 58).  Black conducted 

a simulation in order to investigate the impact of the data with Weibull distribution (instead of normal 

distribution which is a required assumption) on one way ANOVA procedure and concluded that the test is 

robust in the majority of cases (59).  Thus, it was assumed that the ANOVA test is applicable for the group 

of bridges decks in this study. There are usually two potential sources of error in variances: random 

influences and unidentified causal influences.  The first influence cannot be controlled, but the former 

influence can be reduced by a good study design (57).  To address the first type of error, a data reduction 

procedure was performed as it was stated in the previous sections.  Moreover, conducting analysis over a 

20-year time period helped to increase the quality of input data for ANOVA test in this research 

The results of the study for different types of bridges in the States of Indiana and Oregon with 

different condition are shown in Table 3-11.  The results showed that in 80% of cases, null hypothesizes 

were rejected and, therefore, differences exist among groups.  In 20% of possible cases, significance was 

not shown and, as previously mentioned, there may be or not be a relationship between deck performance 

and type of the superstructure.   

In this study, the results of the ANOVA test revealed that there is likely a correlation between 

deck performance and the type of materials utilized in the superstructure.  Therefore, it is possible to 

develop stochastic models for decks based on the type of the superstructure.  As will be shown in the 

subsequent sections, the Weibull distribution was used to describe the distribution of TICRs of bridges 

decks.  Developed functions can be used by bridge owners for reliability assessment and bridge 

management purposes. 
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Table 3-11. The results of ANOVA test for TICR 
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D= Different, U=Unknown (may or may not different) 

3.4.2 Do Nothing Alternative 

In order to evaluate the effectiveness of bridge deck categorization based on the type of 

superstructure, a “do nothing” alternative was studied to see what would have happen if bridge decks were 

not categorized.  Therefore, parameters of the Weibull distribution were estimated for TICRs of decks 

regardless of the type of the superstructure.  To illustrate the effectiveness of the methodology, the hazard 

functions of bridge decks considering the type of superstructure versus a do nothing option will be shown 

in the next section.  
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Table 3-12. Parameters of the Weibull distribution for Indiana 

 Parameters 

 
CR=4 CR=5 CR=6 CR=7 CR=8 

C
o

n
cr

et
e
 

Shape parameter β 1.49 1.60 1.75 2.07 1.56 

Scale parameter θ 6.80 8.64 10.64 12.05 8.38 

Mean E(x)= 6.14 7.75 9.48 10.67 7.53 

Standard Deviation Std 4.19 4.95 5.59 5.40 4.93 

Number of samples  356 1219 2305 2651 1227 

P
S

 C
o

n
cr

et
e
 

Shape parameter β 1.56 1.59 1.72 2.11 1.70 

Scale parameter θ 4.99 6.89 9.74 12.52 9.15 

Mean E(x)= 4.48 6.18 8.68 11.09 8.16 

Standard Deviation Std 2.94 3.97 5.20 5.51 4.93 

Number of samples  472 1310 2784 4172 2550 

S
te

el
 

Shape parameter β 1.47 1.53 1.63 2.11 1.75 

Scale parameter θ 6.39 7.74 9.42 11.89 7.92 

Mean E(x)= 5.78 6.97 8.43 10.53 7.05 

Standard Deviation Std 4.00 4.66 5.32 5.25 4.16 

Number of samples  559 1371 2126 2616 1455 

D
o

 n
o

th
in

g
 

Shape parameter β 1.47 1.554 1.70 2.10 1.67 

Scale parameter θ 6.01 7.73 9.93 12.21 8.62 

Mean E(x)= 5.44 6.95 8.86 10.81 7.70 

Standard Deviation Std 3.76 4.57 5.38 5.41 4.75 

Number of samples  1387 3900 7215 9439 5232 

 

3.4.3 Hazard Functions 

Hazard function, h(t), is the instantaneous failure rate and can be used for life and failure studies.  

In fact, hazard function (Eq 3-4) is the conditional probability of failure given that a bridge has survived 

until a specific time (52, 53).  

𝑃(𝑡 = 𝑇|𝑡 > 𝑇) = ℎ(𝑡) =
𝑓(𝑡)

𝑅(𝑡)
=

𝛽(𝑡)𝛽−1

𝜃𝛽           (3-4) 
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Where, 

R(t) is the reliability function (or survival function) which is a complement to the cumulative 

distribution function (Eq. (3-3)). Fig. 3-10 shows the PDF (Fig 3-10a) and CDF (Fig 3-10b) of decks of 

bridges with concrete materials superstructure.  Hazard functions of highway bridge decks with different 

types of superstructures in different condition ratings are shown in Figure 3-11 for Indiana.  These 

diagrams show how decks in different superstructures perform over time.  Hazard functions of the “do 

nothing” alternative (i.e. all decks regardless of type of superstructure) are shown in these diagrams to 

illustrate the effectiveness of the bridge deck categorization based on the types of superstructures.  

As shown in Figs. 3-11 A and B, a “do nothing” alternative significantly underestimates the 

hazard of decks in a prestressed-concrete superstructure with condition ratings of 4 and 5.  For condition 

ratings of 6 and 7 (Figs. 3-11 C and D) the estimated hazards are almost similar for all types of bridges.  

The hazard of the deck of steel bridges in condition rating of 8 was underestimated in the “do nothing” 

case.   

The importance of bridge deck categorization can be seen in these figures.  It can be seen that the 

hazard of a failure might be underestimated in a “do nothing” case.  This is especially important because 

the study revealed that this likely happens for bridges with a lower condition rating such as 4 or 5.  

 

Figure 3-10. PDF (a) and CDF (b) of the Weibull distribution for the deck of the concrete bridges in 

Indiana 
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Figure 3-11.  Hazard functions of bridge decks in Indiana 
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3.5 Applications 

This section provides examples which demonstrate how these models may be used for bridge 

management purposes. The first example shows the probability of failure (transition from the current 

condition rating) for different condition ratings of a prestressed concrete bridge. The second example shows 

the length of time it takes for that condition rating of a bridge to drop given a specific probability.  In these 

examples, a generic “authority” is presented to represent a bridge owner, such as a state, municipality, or 

county, that wishes to make decision regarding inspection planning.   

Example 1- The inspection frequency mandated by the NBIS requires the inspection interval not 

to exceed 24 months.  Assume that authorities planned to study extending inspection intervals of bridges 

with prestressed-concrete superstructure up to 48 and 72 months.  What is the probability of failure, which 

is the dropping of the condition rating, for prestressed-concrete bridges, for different condition ratings 

between 4 to 8 assuming that inspection intervals are  24, 48, and 72 months? 

Probability of failure before 24, 48, and 72 months is calculated based on the Weibull statistics, 

previously shown earlier, and the CDF. Figure 3-12 has a line that corresponds to 72 months (6 years) that 

crosses CDFs of the condition ratings and corresponding probability is shown with arrows; this illustrates 

how the probability is determined for a given inspection interval.  These probability values, along with 

those for inspection intervals of 24 and 48 months, are presented in Table 3-13.  These data indicate how 

likely it is that a bridge in a given condition rating would have dropped in rating during a given inspection 

interval.  For example, assume that a bridge is currently rated at 7, having just transitioned down from a 

condition rating of 8.  If the inspection interval is 24 months, there is only a 2% chance that this bridge will 

“fail,” i.e. change to a condition rating of 6, in the next 24 months.  However, if the inspection interval 

were 72 months, there is a 22% chance that this superstructure might “fail.”  This may be a very acceptable 

situation because the bridge still would be rated in satisfactory condition.  However, if that bridge was 

currently rated a 4, there is a 33% chance of it changing to a condition rating of 3 in the next 24 months, 

and a 79% chance if the inspection interval were 72 months.  Given these data, 72 months would almost 

certainly be considered an inappropriate inspection interval for the bridge; even with a 24 month interval, 

there is a 1 in 3 chance that the bridge would have deteriorated to a condition rating of 3 during the 
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inspection interval.  The Table also shows how the probability of failure increases with decreasing 

condition ratings. For instance, probability of failure (transition from the current condition rating) before 48 

months for the superstructure of a prestressed-concrete bridge in the condition rating of 4 is about 40 times 

that of similar bridges in the condition rating of 8.  Such data can provide a quantitative basis for decision 

making regarding the appropriate management of the inspection regime for bridges based on these 

historical performance data.    

 

 

Figure. 3-12. Probability of Failure before 72 months (6 years) for prestressed concrete bridges 

 

Table 3-13. Probability of failure for different condition ratings  and different times 

Probability of Failure CR=4 CR=5 CR=6 CR=7 CR=8 

24 months 33.0% 17.0% 10.0% 2.0% 0.2% 

48 months 61.1% 46.8% 29.4% 10.2% 1.5% 

72 months 79.0% 72.0% 51.0% 22.0% 5.0% 

 

Example 2 - Assume that the authorities accept that the probability of failure (transitioning from 

one condition rating to another) should be 5% or less.  How long does it take for the superstructure of a 

bridge in a condition rating of 8 to deteriorate to a condition rating of 4?   
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Table 3-14 shows the TICR, based on the data from Figure 3-6 b that shows the cumulative 

probability for condition rating changes.  Figure 3-13, which shows a blow-up of a portion of Figure. 3-6b 

for clarity, illustrates how these values were derived from the CDF.  Considering the 5% threshold 

identified by the authorities, the CDF is determined from the TICR corresponding with 5% of the 

population having “failed,” as shown in Figure. 3-13.  This is repeated for 4, 3, 2 and 1%, and these data 

are shown in Table 3-14.  The table shows that for prestressed-concrete bridges with a condition rating of 8, 

5% of bridges will remain in that condition for about 6 years or less; 1% will remain in that condition for 

only 3.5 years or less.  Also shown in Table 3-14 are the data associated with the decks of steel-girder 

bridges.  These data were determined using the same methodology described herein for the superstructure 

materials.  These data are included as an illustration of the effect of considering serviceability of the bridge 

deck in the analysis.  

 

 

Figure. 3-13. Years in condition rating for 5% probability of failure 

Assuming that a bridge with a condition rating of 9 changes to a condition rating of 8 

immediately, what period of time will transpire before that bridge transitions to a rating of 4?  Using the 

5% threshold, and assuming that a bridge performs at the lower 5% of the population in transitioning from 

each state (i.e. from 7 to 6, from 6 to 5, etc.), it will be ~11.4 years for prestressed-concrete bridges to 

transition from a 8 (very good condition) to a 4 (poor condition) based on the superstructure component.  
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Considering similar assumptions, it takes about 8.8 years  for concrete bridges and almost 9 years for steel 

bridges to transition from a 8 (very good condition) to a 4 (poor condition).  This value is about 8.4 years 

for the decks of bridges with steel superstructures as shown in the bottom part of Table 3-14.  

Table 3-14. TICR for prestressed superstructures in different condition ratings for different level of 

reliability.  

Bridge Component 
Probability of 

Failure 

CR=4 CR=5 CR=6 CR=7 CR=8 Sum 

TICR (years) 

Superstructure of 

Prestressed 

Concrete Bridge 

1% 0.1 0.4 0.5 1.3 3.5 5.8 

2% 0.2 0.5 0.8 1.8 4.4 7.7 

3% 0.3 0.7 1.0 2.2 5.0 9.1 

4% 0.3 0.8 1.2 2.5 5.5 10.3 

5% 0.4 0.9 1.3 2.8 5.9 11.4 

Deck of Bridges 

with Steel 

Superstructure 

1% 0.2 0.5 0.7 1.4 0.8 3.6 

2% 0.3 0.7 1.0 2.0 1.1 5.2 

3% 0.4 0.9 1.3 2.4 1.4 6.4 

4% 0.5 1.1 1.5 2.7 1.6 7.4 

5% 0.6 1.2 1.7 3.0 1.8 8.4 

 

It should be noted that these values were based on data from all bridges with both good and bad 

attributes, and larger values for bridges with good attributes would be expected.  For example, if one were 

to consider only that portion of their inventory constructed in the last 20 years and with good 

characteristics, such as no fatigue-sensitive details, modern coating systems, epoxy-coated rebar, etc., their 

performance rationally would be expected to exceed the values presented here, which derived from the 

entire population regardless of age and other characteristics.    

3.6 Summary and Conclusion 

In this chapter, condition ratings of bridge components with concrete, prestressed-concrete, and 

steel superstructures were considered within a 20 year time period.  Normal statistics were developed to 

illustrate the TICR values available from the NBI and to develop data reduction methods.  To develop 

probabilistic estimates, the Anderson-Darling statistic was calculated for five well-known distributions to 

find the best fit. The results showed that the Weibull distribution is likely the best fit for these data.  
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Parameters of the Weibull distribution were computed to find the probability density functions (PDFs) and 

cumulative density functions (CDFs) of time in condition for condition ratings of 4-8.    

The one way ANOVA test was used to evaluate the performance of decks in different types of 

superstructures regardless of other affecting factors.  It was proven that the deck condition was affected by 

the type of materials utilized in the superstructure.  However, the power of this correlation was not 

calculated. In order to model the performance of decks, stochastic models were developed based on the 

Weibull distribution.  The parameters of the Weibull distribution were estimated to find the probability 

density functions (PDFs), the cumulative density functions (CDFs), and the hazard functions of TICRs of 

4-8.  Parameters of the Weibull distribution for a “do nothing” scenario were estimated with the assumption 

that decks have the same performance in different superstructures.  Comparison between the hazard 

functions of decks with different superstructures against a “do nothing” scenario revealed that the “do 

nothing” option underestimates hazards, especially for decks in prestressed concrete superstructures with 

critical condition ratings including 4-5.  However, there was not a significant difference for bridges in good 

condition.   

This study revealed that the TICR for bridges in good condition was typically much greater than 

the current 24 month inspection interval specified in the NBIS.  The study also showed that the TICR for 

bridges in good condition was greater than for bridges in fair to poor condition.  The Weibull Scale 

parameter, often called the “characteristic life,” was greater than 10 years for bridge superstructures with 

ratings of 7, greater than seven years for bridges rated 6, and greater than five years for bridges rated 5.  

These data, along with the conducted human surveys in the states of Oregon and Texas, indicate that the 

standard inspection interval of 24 months is much shorter than would be required to ensure structural 

adequacy based on the superstructure rating (considering the rating of 3 as compromised).  Examples were 

used to illustrate how developed statistics can be used for rational decision-making for bridge inspections.  

One of the objectives of this research was met in this chapter by providing simple, quantitative data on 

historical bridge performance on which to base rational decisions regarding the inspection requirement of a 

bridge. 

More complex methods of reliability analysis could be utilized to refine the analysis provided 

herein.  However, the process described herein is simple, conservative, and accessible to practicing 
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engineers seeking rational data to support decision-making.  As will be shown, when used in conjunction 

with the RBI method, these data can provide important quantitative information to support the assessment 

of appropriate (and conservative) inspection intervals.    
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4 Verification of RBI 

4.1 Introduction 

A new risk-based inspection (RBI) framework was introduced in chapter 2 that provides a 

methodology for prioritizing inspection needs for bridges.  As mentioned, this methodology was developed 

with the goal of improving bridge safety and serviceability and optimizing the use of resources for bridge 

inspection.   

A complete methodology was initially developed and described in NCHRP project 12-82 (4), and 

a revised framework for this methodology was described in chapter 2.  This risk-based process for 

identifying inspection requirements for bridges is an entirely new paradigm for inspection planning of 

bridges.  A new approach for inspection planning requires verification before it can be implemented nation-

wide given the importance of ensuring bridge safety and serviceability for preserving public safety and the 

efficiencies of the transportation system.  The research in this dissertation describes the verification testing 

of this new methodology; the research was conducted to establish the RBI’s effectiveness, demonstrate 

implementation, and analyze the outcome in terms of ensuring the safety and serviceability of bridges.  

Verification testing consisted of two case studies conducted in the States of Texas and Oregon and in 

cooperation with the states Departments of Transportation.  In these case studies, risk assessment of bridges 

was performed using the RBI methodology, and the results of this assessment were analyzed in terms of the 

inspection intervals determined through the process.  A new approach for assessing the suitability of the 

inspection interval was developed.  This new approach, termed “backcasting,” analyzes historical 

inspection records to determine if the safety or serviceability of bridges would be adversely affected by the 

implementation of a risk-based approach; this is important because an RBI approach allows for much 

longer inspection intervals, up to 72 months, compared to the 24 month interval which is stipulated under 

present requirements.   

The backcasting process provides empirical evidence that this approach does not compromise the 

safety and serviceability for the bridges assessed in the study.   
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4.2 Backcasting Method 

The case studies conducted in Texas and Oregon developed a set of criteria and attributes for 

determining the OF and the CF, resulting in inspection intervals based on the risk matrix.  These criteria 

and attributes comprised a risk-based data model to be used to determine the appropriate maximum 

inspection interval for a specific bridge or family of bridges.  A backcasting procedure was developed to 

verify that the use of these models provided a suitable inspection interval that did not compromise the 

safety and serviceability of bridges.  In the backcasting procedure, the data models, developed by the RAP, 

were applied to individual bridges based on historical inspection records.  For example, the data model may 

be applied to a bridge based on the bridge’s inspection records from the year 2000; this resulted in an RBI 

interval that would have been determined in the year 2000, if RBI practices had been applied at that time.  

These results were then compared with the actual performance of the bridge, based on the inspection 

records for the year 2002, 2004, 2006 and so on to determine if the RBI inspection interval would have 

adequately addressed the inspection needs for the bridge.  The criteria for determining the effectiveness of 

the data model included: 

1. Did the condition rating for any component change significantly during the RBI interval 

in a manner that was not captured or anticipated effectively, but would have been 

captured (or detected sooner) by a standard, 24 month interval?  

2. Were there any significant maintenance or repair actions completed which would have 

been delayed as a result of implementing an RBI interval (relative to a standard, 24 

month interval)? 

3. Were there any significant factors or criteria not identified through the RAP analysis that 

were needed in the data models to provide suitable results? 

The backcasting procedure consisted of obtaining the element-level inspection reports dating back 

to approximately 1998, depending on the availability of data for each specific bridge.  The data model was 

applied at each inspection year to assess the appropriate inspection interval based on the inspection data.  

As a result, the RBI interval may be consistent over the time period examined, decrease over that time 
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period, or even increase during the time period as a result of a repair or improved condition rating or 

condition state.    

The overall concept of backcasting is shown schematically in Figure 4-1.  This figure shows NBI 

ratings for an example bridge component over time.  The RBI data model was applied to the bridge 

component based on inspection results from 1998.  Assuming that the result is in an inspection interval of 

72 months, the inspection results from each biennial routine inspection (24 months) is examined to see if 

there were any significant changes to the condition, or other events or circumstances detected by the routine 

inspection, that may have been missed or delayed due to the RBI interval of 72 months.  The RBI interval 

is calculated for each year there is an inspection result; this is indicated by the numerical results shown on 

the diagram.  A change in the RBI inspection interval to 48 months is also shown in the figure.  Assessment 

of the results includes determining if the change of inspection interval identified through the RBI criteria 

was effective in capturing the appropriate inspection interval while considering changes in the condition of 

the component reflected in the inspection results.  It should be noted, the RBI interval does not necessarily 

reflect NBI condition rating changes; however, since both are dependent on the condition of the 

component, they may be similar.   

 

Figure 4-1.  Graph of condition ratings for a bridge component over time, showing schematic 

example of the backcasting procedure. 
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4.3 Approach 

To verify the effectiveness of the RBI methodology, two case studies were conducted with the 

following objectives:  

 Demonstrate the implementation of the RBI methodology using state DOT personnel 

 Verify the effectiveness of RBI analysis in determining suitable inspection intervals for 

typical highway bridges without imposing risk on road users during implementation 

To demonstrate the implementation of the RBI methodologies, two state DOTs were selected for 

training and the execution of an RAP analysis for a family of bridges in their state.  This included training 

in RBI technologies and executing expert elicitation according the procedures described in the NCHRP 

Guidelines.  These RAP meeting resulted in data models for determining the RBI requirements for a family 

of bridges.  These results were then tested to verify that the RBI practice developed through the RAP 

process was effective in determining an acceptable inspection interval for the subject bridges.  This was 

achieved through a backcasting process that utilized historical inspection records for specific bridges.  

These inspection records were used to assess if the inspection intervals identified through RBI would have 

been effective in maintaining the safety and serviceability of the bridge if the RBI procedures had been 

applied in the past.  This process compared the outcome of the RBI analysis with actual performance data 

for specific bridges; this provided a validation of the RBI approach.  

The case studies were conducted on samples of prestressed-concrete bridges in Oregon and steel 

bridges in Texas.  In each case study, a group of bridge experts were gathered to conduct the RBI analysis 

during a 1.5 day RAP meeting in the host state.  The composition of the RAP panels consisted primarily of 

state Department of Transportation engineers involved in the inspection, maintenance, and management of 

bridges within the state.   

The goal of the RAP meetings was to develop RBI practices for the subject family of bridges.  The 

objectives of the meeting were to identify and rank damage modes for each bridge component (deck, 

superstructure, and substructure), discuss deterioration mechanisms that lead to those damage modes, and 

identify related attributes.  These attributes were then ranked according to their impact on the likelihood of 
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severe damage occurring within a specified time interval.  CFs associated with these damage modes were 

also assessed. 

This section describes the outcome of the case studies conducted in Oregon and Texas.  This 

includes an overview of the RAP meeting agenda, resources used in the RAP meetings, and the results of 

backcasting completed to verify the RBI approach will be shown in the next chapter.  

4.3.1 Summary Overview of RAP meeting 

The RAP meeting consisted of a series of designed expert elicitations intended to develop 

comprehensive data models for RBI.  Processes implemented during the case studies were as described in 

chapter 2.  During the RAP, credible damage modes pertaining to the family of bridges being analyzed 

were identified through consensus of the RAP.  Relevant attributes that contribute to the likelihood of those 

damage modes occurring or progressing were also developed through the designed elicitations.  Following 

the identification of the damage modes and relevant attributes, the attributes were ranked according to their 

impact (high, medium or low) on the likelihood for that damage mode; this provided a means of 

establishing an initial scoring approach.  CFs for each damage mode and bridge component were also 

developed through a designed elicitation and consensus of the panel.  Data from the RAP meetings were 

analyzed by the research team, organized into scoring models for each damage mode based on the RAP 

results, and utilized in the backcasting procedure to verify the effectiveness of the RAP results.  

4.3.2 RAP Meeting Attendees 

The RAP meetings were attended by a variety of individuals from participating states, as shown in 

Table 4-1.  The RAP meeting in Oregon was attended by 9 individuals, including DOT engineers, 

academics and industrial representatives.  The industrial representative participating on the Oregon RAP 

was from a fabricator that provided precast members for bridge projects in that state.  The Oregon RAP 

also included a university professor with active research in the area of bridge evaluation and condition 

assessment.  There were three individuals with PhD’s, including a structural engineering faculty member at 

the rank of professor.  

The RAP in Texas was comprised of 5 individuals; all of the participants were employed by the 

Texas DOT.  The participants generally held Bachelor of Science (B.S.) degrees, with one member holding 
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a Master of Engineering (M.E.) degree. Most of the participants in the RAP meeting held at least Bachelor 

of Science (B.S.) degrees in Civil engineering.  A little more than 70% of the participants were registered 

Professional Engineers (P.E.). 

Table 4-1.  Listing of RAP meeting attendees in Oregon and Texas. 

Name Emp. Current Position Highest Degree P.E. 

Oregon 

Participant A Oregon DOT Bridge Program Unit Manager B.S.M.E. Y 

Participant B Oregon DOT Structural Service Engineer B.S.C.E. Y 

Participant C Oregon DOT Senior Engineer Ph.D. Y 

Participant D Oregon DOT 
Bridge Operation and Standards 

Managing Engineer 
B.S.C.E. Y 

Participant E Oregon St U. Professor Ph.D. Str. Eng. N 

Participant F Knife River Corp Chief Engineer Ph.D. Y 

Participant G Oregon DOT Bridge Maintenance N/A N 

Participant H Oregon DOT Bridge Planner & Financial Analyst 
M.S. of 

Economics 
N 

Participant I Oregon DOT Senior Bridge Inspector 
B.S.C.E., AE 

Struct. Eng. 
Y 

Texas 

Participant A TX DOT 
Director of Field Operations-Bridge 

Division 
B.S.C.E. Y 

Participant B TX DOT State Bridge Constr/Maint Engr B.S.C.E. Y 

Participant C TX DOT Senior bridge Const. and Maint. Engr M.E.C.E. Y 

Participant D TX DOT State Inspection Engineer B.S.C.E. 
 

Participant E TX DOT Bridge management Engineer B.S.C.E. Y 
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4.3.3 Schedule and Agenda 

The RAP meeting in each state consisted of a 1.5 day face to face meeting in the host state.  A 

webinar was presented approximately 1 week prior to the RAP meeting to familiarize participants with the 

overall process and identify any resources that may be needed for the meeting.  The webinar included the 

presentation of overview slides to introduce the concepts and approach of the research and the planned 

activities during the RAP meeting.  Most of the RAP members attended the webinar; it also allowed a 

preview of the planned RAP meeting activities, introduction to the technology, and preparation for 

participation.   

4.3.3.1 RAP Meeting Agenda  

The purpose of the meeting agenda was to establish an effective training pattern to be followed for 

all reliability assessment.  In order to increase the efficiency of the RAP meeting, in developing the RAP 

agenda, it was decided that the training goals of the RAP meeting would best be met by organizing the 

session into distinct training and execution phases.  This would increase the efficiency of the meeting.  In 

other words, training associated with each of the aspects of the analysis, such as CFs, OFs, etc. were 

provided for the entire process before tasks to identify the parameters specifically for the family of bridges 

to be examined in the case study.  This was in contrast to the expert panel meeting held during the initial 

phases of the research; at that time, the elicitations for each factor were conducted following training for 

that particular factor.  The primary motivation for this decision was to ensure that the participants had a full 

and comprehensive picture of how data would fit together in the final analysis before making any decisions 

on what the parameters or attributes should be for the particular family of bridges being analyzed.   

The meeting began with an overview of the research approach, describing the goals and objectives 

of the RAP of the workshop and the overall research approach.  This overview session was followed by a 

training session on how to identify damage modes and attributes for bridge elements with the purpose of 

estimating the OF required for the analysis.  This session included exercises designed to illustrate the 

process which would be undertaken in the expert elicitation for identifying damage modes and key 

attributes and ranking the importance of those attributes in terms of the reliability of the element under 

consideration.  A typical two span steel bridge was presented as example; specimen questions were posed 
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regarding the typical damage modes that would be anticipated for this element.  The members of the RAP 

recorded their responses on bubble sheets and subsequently discussed the identified damage modes as a 

group.  During these discussions, credible damage modes were identified for further analysis.   

Once the primary damage modes were identified, the next exercise was to identify the attributes 

related to the reliability/durability associated with the primary damage modes; these were then grouped and 

prioritized from high to low.  This exercise illustrated the process of the developing attributes and a semi-

quantitative scoring scheme for a particular family of bridges, as a means of identifying the OF for the RBI 

analysis.  The process illustrated in this example was later repeated by the RAP for the superstructure, 

substructure, and deck components for the subject family of bridges (i.e. prestressed-concrete bridges in 

Oregon and steel bridges in Texas). 

Training was provided on the CF categories that are part of the analysis.  A group exercise expert 

elicitation was conducted to illustrate the process of identifying a consequence ranking for a particular 

damage mode scenario.  During this task, panel members considered the likely consequences of an 

identified damage mode progressing to the defined failure state (e.g. serious condition) in terms of safety 

and serviceability of the bridge.   

Following these exercises, the expert elicitation for the family of bridges under consideration was 

conducted.  Separate sections of the meeting address the superstructure, substructure, and deck components 

of the bridge.  The same process implemented in the illustrative examples was conducted for each 

component to identify the likely damage modes, attributes contributing to the reliability considering those 

damage modes, and prioritization of the attributes.  These data were used to identify criteria and develop 

the initial scoring scheme which would be implemented for assessing the OF for the various damage modes 

identified through the process.    

Consequence scenarios for each damage mode were also developed through group discussions.  

During this task, each damage mode identified in the earlier exercises was considered; an expert elicitation 

was conducted to identify the appropriate CF for each damage mode and key factors that affect the factor 

selected.  For example, if the damage mode is spalling damage on a deck, the CF may be high, or even 

severe, if ADT and traffic speeds are high, but moderate if the ADT and traffic speeds are low.  Group 
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discussion was used to develop consensus on these factors.  Policies and common practices in each 

particular state also contributed to these discussions.   

The balance of the agenda was used to refine and complete the criteria and rankings for attributes, 

OFs, and CFs for the subject family of bridges.  Screening criteria, surrogate data, and available data on 

attributes from existing inspection practices were identified.  For example, if the subject state collects 

element-level data, how do various element ratings and damage flags correspond to the attributes and 

damage modes identified through the RAP process?   

At the completion of the meeting, it was anticipated that the damage modes, ranking for attributes, 

and basic scoring approach would be completed, as well as the CFs for various scenarios.  However, 

discussions of the CFs revealed that certain descriptions of the various CF levels were problematic and 

these descriptions were subsequently modified to address these concerns.  As a result, the RAP meetings 

provided preliminary data on the CFs to be used for the analysis, and these were later refined during the 

analysis process.   

The data from the RAP meeting were compiled and analyzed by the research team.  These data 

were used to develop scoring models, or data models, which reflected the input from the RAP.  These data 

models were then utilized in the backcasting process to evaluate the historical performance of a sample 

population of bridges in each state, to verify the effectiveness of the data models developed through the 

RAP process.     

4.3.3.2 Software Development 

Based on the results of the RAP meetings, a software application was developed to support the 

RBI analysis of bridges.  This software application was developed within the Microsoft Excel program and 

provides a simple and rapid means of implementing the damage modes, attributes, and scoring 

methodology for estimating the OF.   

In this application, the user can select the attributes identified by the RAP for a particular damage 

mode, as shown in Figure 4-2.  A check box is used to select screening, design, loading, and condition 

attributes as described in the Guidelines.  Reserved attributes are included so that a user can easily add 

additional attributes that may not be included in the Guidelines.   
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Figure 4-2.  Example screen from software application showing selection of attributes. 

Once the attributes are selected from the appropriate listing, the application organizes the selected 

attributes into a scoring page as shown in Figure 4-3.  On this screen, pull-down menus are used to score 

the individual attributes for a particular bridge according to the scoring scheme developed.  These pull-

down menus allow a user to quickly select the appropriate ranking for a particular attribute based on the 

criteria developed through the RAP.  

The individual scoring for any attribute can be easily modified on an editing page to meet the 

requirements of a particular user.  A hot-link is provided to the attributes commentary included in the 

Guidelines, such that a user can easily refer to the rationale for a particular attribute, and the envisioned 

scoring mechanism.  After each attribute is scored, the OF score and guidance is automatically calculated 

for that damage mode. 

This software helped to reduce human errors and significantly reduced the time of analyses.  As a 

result, this allowed the research team to conduct RBI analysis and backcasting for higher number of bridges 

in this study.  
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Figure 4-3.  Example screen from software application showing pull-down menus for scoring 

attributes. 

This software application was developed for use in the Case Studies to implement the analysis of 

the RAP from each state and for testing that analysis against the historical performance of bridges during 

the backcasting.  Looking forward, this software application provides a model for future, more 

sophisticated computer applications to allow for efficient and simple application of the RBI technology.  

For example, such a software module could be an add-on to the PONTIS program or other bridge 

management software, where many aspects of the scoring could be automatically obtained based on 

element ratings already collected as part of a routine inspection.  

4.4 Backcasting Procedures  

Backcasting method was explained in section 4.2.   This section of the dissertation explains the 

details of the backcasting process that was conducted for case studies in Oregon and Texas to verify the 

RBI method.   

4.4.1 Data for Backcasting 

Inspection data from each state were reviewed in detail to implement the data models developed 

through the RAP process, i.e. evaluate the attributes identified by the RAP.  This included design and 

loading attributes, which typically do not change over the life of the bridge, and condition attributes that 

change as the bridge ages, or undergoes repair or rehabilitation.   

Inspection data from Oregon consisted of Pontis data file outputs, including photographs, notes, 

and standard Structural Inventory and Appraisal (SI&A) sheets and element-level data collected at the time 
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of the inspection.  Inspection data and reports from 1997 to the present were used for assessment.  

Inspection data and reports from 1999 to the present were used for the assessment in Texas.   

4.4.2 Review of work 

As part of the backcasting analysis, a database of work projects maintained by the Oregon DOT 

was queried to determine if any significant repairs had been completed on the subject bridges during the 

interval of the backcasting process; these data were provided to the research team.  This ensured that there 

were no significant events that occurred on a subject bridge that resulted in major work or repair between 

inspection intervals, which could have been missed due to an extended inspection interval or was not be 

reflected in the inspection reports.   

The inspection records in Texas were more diversified.  Maintenance and repair work between 

inspections was determined from the element-level data collected as part of the bridge inspection process.  

This was accomplished by reviewing each inspection report for notes that would indicate that an 

improvement or repair was made to the bridge or that an improvement or repair was urgently needed.  

Unexplained changes in the condition rating for a component were also investigated to determine if an 

urgent repair or rehabilitation activity was the source of the improvement.     

4.4.3 Sampling 

To complete the backcasting verification study of the result of the RAP assessment, a sample 

population of bridges was assessed over a time period dating back 15 to 17 years.  A statistical analysis of 

population sampling was completed to determine the number of bridges to be assessed to develop a 

statistically significant result.  Generally, such statistical models require some a priori knowledge of the 

anticipated variance in the population to be sampled to estimate the number of samples required to 

represent the overall population, considering the parameter to be measured.  It was anticipated that the RBI 

criteria developed by the RAPs would include the current condition rating for a bridge as one of the criteria 

(attributes).  Therefore, it was desirable to select a bridge sample that had the same variation as the overall 

population, the goal was to represent the natural variation of the inspection results of the overall population 

in the sampling selected, based on the condition ratings provided in the inspection files.  Experimental data 
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from the FHWA visual inspection study (60) was used as a basis for the estimate, assuming that the same 

variance of condition rating for all components in the FHWA study.   

Equation 4-1 can be used to determine the number of samples needed: 

𝑛 =
1

𝑤2 (𝜎𝑘(1−𝛼/2))
2
      (4-1) 

Where: 

w = Prescribed half-width length (i.e. desired accuracy of the resulting estimate relative to the true 

population, in terms of the number of standard deviations of the sample mean) 

σ = Standard deviation of the data 

𝑘(1−𝛼/2)=Statistical parameter based on the desired confidence interval. 

Based on population sampling statistics, assuming that the desired accuracy was +/- 0.5, condition 

ratings with 99.5% confidence resulted in a desired sample size of 17 bridges.   For a confidence interval of 

95%, the sample size for backcasting would be 10 bridges.  Based on these results, the sampling of bridges 

needed to include a minimum of at least 10 bridges; in the study, 17 bridges were selected from Texas and 

22 bridges were selected in Oregon.   

4.4.4 Statistical Analysis of NBI Data 

As noted in chapter 3, statistical analysis of National Bridge Inventory (NBI) data, including the 

participating states, was conducted to identify the characteristics of the each state’s inventory and to 

support the RBI analysis. Analysis of NBI data was completed with the following objectives: 

1. To determine the typical characteristics of the bridge inventories in the participating 

states of Texas and Oregon. 

2. To develop quantitative data based on NBI condition rating history to be used to support 

the RAP analysis and rationale for RAP-developed criteria.   

The objective of providing quantitative statistical data to support anticipated criteria, developed by 

the RAP during the course of the case studies, can be illustrated as follows.  Consider that the RAP 

identifies attributes or criteria that resulted in a superstructure rating of 7 for a bridge; this would be based 

on the rationale that such a condition rating would indicate little deterioration or damage presently, and a 

low likelihood (i.e. OF) that severe damage would occur over the ensuing 72 month period.  Analysis of the 
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time in condition data from the NBI records provides quantitative data to support this rationale, as 

discussed in chapter 3. 

4.4.5 Bridge Inventories in Texas and Oregon 

The families of bridges selected for the two participating states were based on the bridge 

inventories in each state.  It was desirable to have a sufficiently large inventory from which to draw sample 

bridges as well as a representative population of bridges in terms of age.  Table 4-2 shows bridge 

population statistics for the participating states based on data available in the NBI.  The bridge families 

selected are highlighted for both Oregon and Texas.  Prestressed-concrete bridges were selected for 

analysis in Oregon because this bridge superstructure type comprised almost 50% of the bridge inventory in 

that state, making it a significant population of bridges.  This population of bridges has an average age of 

almost 29 years, consistent with the era of prestressed-concrete bridge construction, and there are more than 

3600 bridges of this material type.  In Texas, the overall number of bridges is large, such that any family of 

bridges of similar superstructure materials would provide a suitable population of bridges for analysis.  In 

this case, steel bridges were selected for analysis for three reasons; first, it provided a suitable number of 

bridges for analysis; second, it was desirable to do one analysis for concrete and the other for steel bridges; 

finally, the average age of the population was much older than prestressed bridge population in Oregon, 

providing diversity in the ages of populations in these states.   

The mean or average ages of bridges selected for analysis were older than the overall populations.  

This was considered desirable since relatively new bridges are generally less challenging for RBI analysis 

because they are usually in good condition and have good durability attributes.  Therefore, selecting a 

population that was slightly older than the overall population presented a greater challenge for testing the 

RBI processes.   

Bridges included in the sample were randomly selected with the following exceptions.  First, the 

desired sample of bridges needed to have a geographic distribution across a state, such that varying 

operational environments were included in the sample of bridges analyzed.  Second, an emphasis was 

placed on including bridges with sufficient historical data to make the backcasting meaningful.  In Oregon, 

several bridges had limited historical data because the bridge was constructed after the year 2000; however, 



74 

the sample of bridges was larger such that there were at least 17 bridges with the desired historical data 

available.   

Table 4-2.  Bridge population statistics for Texas and Oregon. 

Bridge Inventory in Oregon 

Description No. 
Length 

(m) 

% of 

No. 
% of Length Average age (Year) 

Concrete 2050 87,000 28 24 55.2 

Steel 1089 109,160 15 30 48.5 

Prestressed concrete  3612 154,877 49 43 28.9 

Other 602 12,408 8 3 49.3 

Total 7,353 363,444 100 100 40.8 

Bridge Inventory in Texas 

Concrete 29098 704,514 56 23.40 48.0 

Steel 7423 776,717 14 25.90 38.1 

Prestressed concrete  13781 1,392,706 27 46.30 23.6 

Other 1576 131,465 3 4.40 33.0 

Total 51,878 3,005,403 100 100 39.6 

 

4.4.6 Bridge Sample Locations 

Bridges selected for backcasting were distributed geographically within the states.  Figure 4-4 

shows the distribution of bridges in each state.  As shown in these figures, bridges were selected from 

different regions of each state, although the geographic distributions of the sample bridges are affected by 

the population characteristics of each state.  For example, in Oregon, population density is significantly 

higher in the western part of the state, and as such the majority of bridges are in the western part of the 

state; the sample of bridges reflects this effect (Figure 4-4 A).   
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Figure 4-4.  State maps showing geographic distribution of sample bridges. 

 

4.4.7 Time in Condition Rating  

As previously noted in chapter 3, the NBI data for several states, including Texas and Oregon, 

were analyzed to determine the typical lengths of time that a bridge component was in a particular 

condition rating.  These data were derived from the NBI database. 

Data presented within this dissertation include the superstructure and deck condition ratings; data 

for substructures were also analyzed.  However, experience with bridge components shows that the deck 

and superstructure condition ratings typically change more frequently than substructure ratings, and as such 

the deck and superstructure are the focus of the data reported in this dissertation.   

Figure 4-5 A shows the time in condition results for prestressed-concrete bridges and decks of 

prestressed bridges in the state of Oregon. As shown in the figure, bridge superstructures rated in good 

condition tend to have longer intervals in that rating; as the rating decreases, the time in a particular rating 

is reduced.   
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Figure 4-5 B shows the time in condition rating for decks of bridges with prestressed 

superstructures.  Similar observations can be made, as shown.  For example, a deck remains in condition 

rating of 7 remains a 7 for 10.2 years (σ = 5.03 years); the time period a 6 remains a 6 is 6.4 years (σ = 4.8 

years), on average. 

Figure 4-6A shows the results of the NBI analysis for steel bridges in Texas.  In this case, steel 

superstructures and bridge decks on steel superstructures were analyzed.  For steel superstructures in Texas, 

the average time in condition rating of 7 was 10 years (σ = 5.4 years), and for decks of steel bridges, the 

average time in condition rating was found to be 11 years (σ = 5.6 years). 

These data are useful as they reinforce and support the supposition that a bridge in good condition 

tends to stay in good condition for a long time interval (i.e. longer than the maximum inspection interval 

recommended using the proposed methodologies).  For example, if one uses the surrogate data of condition 

rating of 7 for superstructure, substructure, and deck to identify bridges with an appropriate inspection 

interval of 72 months, then these data provide quantitative evidence to support that rationale, as discussed 

in chapter 3.  These data were used in the case studies to support “surrogate data” analysis based on the 

data models developed by each RAP.  In this analysis, the condition rating of 7 was used as “surrogate 

data” for the condition attributes to assume the OF would be low for condition-related damage modes.  For 

these cases, the inspection interval of 72 months may be applied, based on these data. 
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Figure 4-5.  Time in condition rating for prestressed bridge superstructures (A) and decks (B) based 

on NBI data for Oregon. 
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Figure 4-6.  Time in condition rating for steel bridge superstructures (A) and decks (B) based on NBI 

data for Texas. 

 

4.4.8 Inspection Intervals 

Inspection intervals were determined based on the reliability matrix introduced in chapter 2 and 

the NBI time in condition rating analyses.  Figure 4-7 shows the proposed reliability/risk matrix that was 

suggested in the Phase I of the NCHRP 12-82 and is used for typical highway bridges.  This matrix 

illustrates the appropriate inspection intervals based on the estimates of the OF and the CF from the RAP 

analysis.  In the Figure, the inspection interval of I =12 months, II = 24 months, and III = 48 months, IV = 

72 months and V = 96 months.  For example, when an OF is “Low” and CF is “High”, the proposed 

inspection interval is 48 months.  This matrix was applied to the results of the OF analysis, based on 
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attribute scoring, and the appropriate CF for the given bridge component and damage mode.  Each damage 

mode for each bridge component was analyzed using the RBI procedure, resulting in a data pair (OF, CF) 

for each damage mode for each component.  These data were located on the risk matrix to determine the 

inspection interval for each bridge, as illustrated in the results chapter for each state.  

 

Figure 4-7. Reliability Matrix for RBI. 

 

4.4.9 Overview of Case Study Results 

The objective of this section of the dissertation is to provide an overview of the results of the RAP 

meetings in each state.  This section includes a summary of the damage modes and attributes identified in 

each state and the consequence analysis that was conducted during the RAP meetings.    

4.4.9.1 Summary of Damage Modes and Attributes 

This section summarizes the damage modes and attributes identified through the RAP process.  

These data provide the data model for assessing the OF as part of the RBI process and as such, are 

documented here to illustrate how the data model was developed and what was considered.  Due to the 

detailed nature of many of the attributes and description, most of these data have been placed in Appendix 

C for the Oregon and Texas case studies.  These appendices document the attributes and attribute scoring 

for each damage mode that was used during the backcasting analysis.  
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4.4.9.2 Damage Modes and Attributes 

The expert elicitation process implemented during the case studies, described in chapter 2, worked 

effectively to ascertain credible damage modes and identify key attributes affecting those damage modes.  

The process consisted of having participant’s identify credible damage modes by completing forms to list 

the damage modes trough a consensus process and delete or revise damage modes that were repetitive or 

irrelevant.  During the consensus process, damage modes identified by participants were recorded on a 

white board, along with the data from the likelihood estimates made by the participants.  Figure 4-8 shows 

the beginning of the expert elicitation process during which the data from each member of the RAP was 

collected for discussion.  The orange numbers (RAP input) shown in the figure indicate the number of 

panel member recording a particular likelihood (10 %, 20%, 30% etc.) for a given damage mode.  As 

shown in the figure, this initial process included a number of damage modes for decks, including rebar 

corrosion, delamination, and spalling, which were pared down through discussion to a corrosion-related 

damage mode of spalling.   

Rutting was also identified as a credible damage mode for decks by the RAP in Oregon.  This 

damage mode illustrates one benefit of a RAP consisting of bridge owners.  Rutting of decks is related to 

the use or over-use of studded tires and occurs along particular corridors in Oregon.  It is unlikely that 

many other states would identify this damage mode, but in Oregon such damage occurs and affects the 

serviceability of some bridges.  It was the consensus of the panel that this damage mode was credible and 

required consideration in an RBI process. 

 

Figure 4-8. Example of RAP data for damage modes in decks. 
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Texas identified punch-through as a credible damage mode for decks.  In this case, punch-through 

is not a corrosion-related damage mode, but rather related to the construction of thin decks, sometimes with 

poor quality concrete; punch-through is the result of repetitive loading and age.  Since much of Texas is 

relatively arid, and use of deicing chemicals is minimal, decks may have longer lives than they might in an 

area where corrosion is a significant issue.  If the deck is thin and concrete quality is poor, punch-through 

can occur.  Like rutting, this damage mode is due to local (state) policies and construction practices, 

specifically that very thin decks were used during certain historical time intervals and concrete quality was 

not well controlled at the time.  In a state where corrosion damage was more prevalent due to weather and 

road treatments, such a deck would deteriorate severally due to corrosion before such punch-through could 

occur.  Like rutting, this damage mode is less likely to occur in other states.  These relatively unique 

damage modes illustrate the utility of the RAP approach.     

Table 4-3 shows a summary of identified damage modes for Oregon and Texas and illustrates that 

damage modes of concrete decks and substructures are similar for Oregon and Texas.  For superstructures, 

only the impact damage mode was common between prestressed-concrete and steel bridges analyzed in the 

two states; this would be expected, since the superstructures are of different material types.   

During the Oregon RAP, the panel expanded its assessment from open prestressed shapes, such as 

typical AASHTO or Bulb-Tees, to include adjacent box girders bridges and prestressed slabs.  The 

consensus of the panel was that the damage modes and attributes were essentially identical for these 

families of bridges, with the exception that adjacent box girder bridges had a shear key damage mode that 

would need to be assessed as a screening tool.  These data are reflected in the summary of damage modes 

shown in Table 4-3.  

For each damage mode identified by the RAP, attributes that contributed to the likelihood of that 

damage mode occurring and progressing were identified through the RAP survey process and consensus of 

the panel.  An example result of the consensus process is shown in Table 4-4 for deck spalling, summarized 

from the Oregon RAP.  In this table, the attributes identified by the panel are shown in the left column, 

followed by the rank that each attribute was assigned by the panel.  This rank shows unanimous vote on the 

rank for each attribute; this represents consensus developed among the panel, not necessarily initial results 

of the elicitation process.  In some cases, individual members may have ranked these attributes differently, 
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but consensus was developed through collaboration and discussion.  Once consensus was developed, limits 

or parameters for scoring each attribute was developed through open discussion among the RAP member 

and the results are shown in the table.  For Oregon, which utilizes element-level inspection processes, many 

of the attribute parameters could be described using existing models from their element-level inspection 

manual. 

Table 4-3.Summary of Damage Modes in Oregon and Texas 

Bridge Element Oregon (Prestressed or Post-Tensioned) Texas(Steel) 

Deck 

Spalling 

Rutting 

Cracking (Non corrosion induced) 

Spalling 

Punch Thru 

Cracking 

Delamination 

Superstructure 

Cracking (Shear) 

Strand Corrosion 

Fire Damage 

Impact 

Rebar Corrosion within the Span 

Bearing Seat Problems 

Adjacent Box Girders 

Rebar Corrosion/Section Loss 

Strand Corrosion (Fracture) 

Flexural Cracking 

Shear key Failure 

Impact / Fire 

 

Fatigue Cracking 

Section less  

Fire Damage 

Impact 

Deflection Overload 

Bearing Failure 

Substructure 

Settlement 

Corrosion Damages 

Fire 

Overload Damages 

ASR 

Settlement 

Corrosion Damages 

Overload Damages 

ASR 

  

For example, for deck cracking, the element-level inspection manual already has quantitative 

description of condition states 1, 2, 3, and 4, and therefore additional description was not necessary.  For 

other attributes, for example Average Daily Truck Traffic (ADTT), limits for high, medium, and low were 

developed through discussion.  A comprehensive listing of the damage modes, attribute, and limits/ 

parameters used in the backcasting analysis are included in Appendix C.  The potential source of the data, 



83 

based on state-specific inspection processes, is also tabulated in the Appendix.  It should be noted that in 

some cases, the RAP identified attributes that were later correlated with existing element data following a 

more detailed review of the element level manual.  In other words, the RAP identified a given attribute and 

appropriate scoring limits during the meeting, and these were later found to match existing element 

descriptions in the Oregon element manual.  A similar process was followed for Texas, which collects more 

limited element data during inspections.  

Table 4-4.  Example attributes rankings for deck spalling from the Oregon RAP. 

Attributes 
Rank Limits 

H M L H M L 

Cracking 
 

8* 
 

Existing model 

Delamination 8 
  

>25% 11% -24% <10% 

ADTT 
 

8 
 

>5000 501-4999 <500 

Location / 

Environment 
8 

  
Coastal and Mountain 

Valley (general 

environment) 
Desert 

Age 
  

8 >50 10-49 <10 

Dynamic Loading 8 
  

Existing Model  

Rebar Corrosion 8 
  

Rust/Black/Low Cover 
 

No stains, 

Epoxy/high 

cover 

De-icing 
 

8 
 

High 
 

Low 

* Number of votes by RAP members 

4.4.10 Consequence Factor 

Designed expert elicitations were also used to develop CFs for each of the damage modes during 

the RAP meetings.  For most damage modes, singular failure scenarios were assessed for each bridge 

component.  The failure scenarios considered consisted of the component condition rating being serious 

(CR=3), not necessarily structural failure.  For decks, for example, the scenario considered in that the deck 

deterioration to condition which would typically be considered “serious” (CR=3) during a normal 

inspection.  For superstructure components (i.e. prestressed-concrete girders or steel girders), loss of load 

carrying capacity for one member was considered.  For Oregon, the CF for deck damage and substructure 

damage was considered to be generally Moderate.  For superstructure components, the initial CF developed 

in the RAP was High for most damage modes (except bearing area damage); this factor was subsequently 

discretized during the analysis process.   
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In the Texas RAP meeting, issues were identified with the CF descriptions that had been 

developed in the phase I of the NCHRP 12-82 project; these CF descriptions were revised during the 

backcasting process to address these issues.  The revisions clarified the descriptions of different CF levels, 

but did not change the levels themselves.  

During the backcasting, the CFs were subsequently assessed, according to a series of scenarios 

designed to test and evaluate the influence of different parameters on the analysis.  These scenarios focused 

largely on the CF assigned to the bridge superstructure.  These scenarios included:  

 always considering the CF as “High” for the superstructure 

 always considering it as “Moderate” 

 considering the influence of structural redundancy, and  

 considering features under the bridge. 

The CF used in the analysis reported herein included the following: 

The CF was Moderate for the superstructure if: 

 Superstructure consisted of more than four members AND  

 Beam spacing of 10 ft. or less AND 

 Bridge not over a roadway 

The CF was considered High if: 

 Superstructure consisted of four members or fewer OR  

 Beam spacing was greater than 10 ft. OR 

 Bridge was over a roadway 

These criteria were based in part on the results of research from the NCHRP report 406 regarding 

redundancy of bridges and on discussions with engineers from the RAP panel (61).  These discussions 

included previous experience with impact damage on structures that resulted in loss of load carrying 

capacity for a prestressed bridge member.   

The feature under the bridge, i.e. if the bridge was over a roadway, was included as a factor to 

consider based on the perceived risk of affecting the feature under the bridge.  For example, if a primary 

bridge member lost load carrying capacity or deteriorated to a serious condition, consequences may be 
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increased as a result of falling debris, significant displacement, and/or emergency shoring that may be 

required that would affect the serviceability of the roadway below the bridge.  

Additional factors considered for determining the CF included considering traffic volumes; in 

these analyses, bridge decks with Average Daily Traffic (ADT) greater than 10,000 were considered to 

have High CFs.  This is intended to reflect a case where deck damage resulted in a major serviceability 

consequence.   

4.5 Backcasting Results 

The results of the backcasting will be presented in this section.  This includes different scenarios 

that were used to determine the inspection intervals for the case studies in Oregon and Texas.  These results 

will be used to demonstrate the effectiveness and applicability of the RBI method for highway bridges.  

4.5.1 Backcasting Results for Oregon 

This section summarizes the results of the backcasting analysis.  The State of Oregon provided 22 

bridges from around the state for the analysis, as shown in Figure 4-4 (A).  As shown in this figure, bridges 

from across the state were chosen to represent different environmental conditions impacting the sample 

bridges.  The damage modes, attributes, and data scoring models used in the backcasting process are 

documented in Appendix D.   

4.5.1.1 Environments 

The environmental conditions considered in the analysis of bridges in Oregon differed according 

to the damage mode being considered.  For example, for corrosion of superstructure metals (rebar or 

strands), the RAP identified three separate areas with coastal and mountainous regions being the most 

aggressive environment, while desert portions of the state represented the least aggressive environment, 

obviously.  However, for spalling of bridge decks, the panel identified areas of the state where deicing 

chemical use was the highest because these areas are urban areas with high traffic volumes.  For the 

damage mode of rutting, travel corridors that experience high traffic volumes most likely to be using 

studded tires were identified.  Generally, these corridors were identified because they connected major 
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urban areas and resort locations.  The environments identified by the Oregon RAP are summarized in Table 

4-5. 

Table 4-5.  Environments identified by the Oregon RAP for different damage modes. 

Damage 

Mode 
Environment Reason 

Corrosion 

Coastal and Mountainous 

Aggressive environment, high humidity and/or use of 

deicing chemicals 

Valley or General 

Environment 

Desert 

Spalling 

Portland 

High application of de-icing chemicals 
Salem 

Bend 

La Grande 

Rutting 

I-5 

Presence of travelling traffic with studded tires I-84 

4.5.1.2 Consequence Scenarios 

Six different scenarios were considered in the analysis of results from Oregon, as shown in Table 

4-6.  These different scenarios were selected to illustrate the way in which different criteria, established by 

an RAP, might affect the outcome of the analysis.  These included considering all superstructure damage 

modes as “High” consequence, considering all superstructure damage modes as “Moderate” consequence, 

and determining the CF based on the redundancy of the bridge, as described previously.  Additional 

analysis was done to test the effect of including, or not including, the screening criteria of elements with a 

condition state identified as CS 4 or 5.  It should be noted that the inclusion of this screening factor affects 

the OF, making the likelihood “High” for any element with any portion of the element reported in CS 4 or 

5, a failed condition.  Using these screening criteria does not change the CF, but may change the inspection 

interval.  This scenario, which includes redundancy, feature under, and condition screenings is applicable 

for the subject bridges and is shown in bold in Table 4-6.  This scenario was used as the primary scenario 

of backcasting analysis.  

Finally, the CF was adjusted to consider the consequences for deck damage modes as “high” for 

bridges with high ADT, in this scenario determined by bridges with ADT of 10,000 or greater (according to 
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NBI data).  This scenario demonstrates the consideration of traffic volumes in the consequence analysis of 

a deck, which may be applicable in certain urban areas or along critical transportation corridors.    

Table 4-6.  Scenarios used for backcasting in Oregon. 

Scenario No. Description 

1 High consequence for superstructure damage modes 

2 Moderate consequence for superstructure damage modes 

3 

Superstructure damage mode Consequence Factor is 

determined by redundancy and facility under bridge  

(screening not used) 

4 

Superstructure damage mode Consequence Factor is 

determined by redundancy and facility under bridge – 

screening for CS 4 or 5 is used 

5 
All criteria in scenario 3 plus deck damage has high 

consequence if  ADT>10000, screening not used  

6 
All criteria  in scenario 5 plus considering screening 

factors for CS 4 or 5 

 

4.5.1.3 Summary of Backcasting Results for Oregon 

Figure 4-9 illustrates the results of the backcasting procedure as completed for one of the subject 

bridges.  Shown in this figure is the NBI condition rating history for the bridge, showing how the condition 

ratings have varied over the course of the backcasting period.  This graph shows the inspection interval 

determined through the RBI analysis for each year there was an available element-level inspection report; it 

is shown enclosed in a box near the bottom of the figure.  In a few isolated cases, element level reports 

were not available for every year, though NBI data was available.  This example was selected as an 

illustration of applying the RBI analysis for each historical inspection result, and how that outcome may 

vary over the course of the life of a bridge.  In this case, the inspection interval was reduced and then later 

increased following a repair, based on the condition of the bridge.  This was not a common occurrence, but 

it provided a useful illustration of how the backcasting results were summarized in the figure.  It also 

illustrates how the RBI inspection interval could vary over the life of the bridge based on the RBI analysis.  

Also shown on the graph are the repairs that had been completed on the bridge and the year that these 

repairs were completed.   
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It should be noted that the RBI methodology is not intended to predict or track the NBI condition 

ratings for a given bridge.  In some cases, changes in the RBI interval and changes in the NBI condition 

rating may coincide because the data models typically include condition ratings among the attributes 

considered when determining the OF. In other cases, these may not coincide because the RBI analysis 

depends not only on the current condition, but also the potential for serious damage to occur looking 

forward based on the bridge attributes (as expressed through the OFs), and the consequence of that damage.  

For example, a bridge rated in good condition according to the NBI condition rating may have a relatively 

short inspection interval, either because the potential for damage is high based on the attributes of the 

bridge, or the consequences are high based on the redundancy or other circumstances influencing the CF.  

The Research Team believes this feature, i.e., the ability to look forward with an RBI analysis, is a 

significant advantage over the present calendar based system.  At present, the current calendar-based 

approach offers no rational way to consider the negative or positive attributes of a bridge and how these 

might affect the inspection needs of bridges.  

Overall, the results of backcasting verified that the methodology was capable of determining 

effective and safe inspection intervals.  Applying the RBI methodology to determine inspection intervals 

resulted in no instances of a bridge deteriorating to a serious condition during the RBI intervals.  The 

process was effective in differentiating inspection intervals based on the risk profiles developed through the 

RAP process, i.e. the OFs stemming from attribute scoring and the CFs.  In some cases, bridges that were 

in generally good condition according to the NBI ratings resulted in short inspection intervals, indicating 

that the process was sensitive to risk factors that are not necessarily revealed through condition ratings.  In 

other words, even though the condition of the bridge at the present time was generally good, there was a 

high likelihood of deterioration based on the design, environment or loading of the bridge.  In other cases, 

bridges that included components rated in fair condition were assigned longer intervals.  For example, an 

older bridge with corrosion damage recorded on the superstructure, but located in a relatively mild 

environment where progression of corrosion damage would be anticipated to be slow, was assigned a 48 

month inspection interval.   
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Figure 4-9.  Example of the backcasting process showing NBI condition ratings over time and the 

inspection interval determined through RBI analysis. 

 

Table 4-7 shows the overall results for each of the scenarios for the last inspection record analyzed 

for the 22 bridges, typically from an inspection conducted sometime between 2011 and 2013.  The scenario 

4 is highlighted in the tables because this case, which includes consideration of the redundancy of the 

bridge, traffic under the bridge, and screening any bridges with elements with CS 4 or 5 reported, is a 

durable and widely applicable category.  These data are based on the consequence cases described above 

and the data models developed through the RAP. The year of construction, superstructure type (simple span 

or continuous), the facility under the bridge, and the scour rating are also shown in the table.  These data 

were obtained from the NBI data for these bridges.  This table also presents results for scenarios 1 and 2, 

with CF for the superstructure always high or always moderate, respectively.  These data represent the most 
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simple analysis of the CF for a superstructure.  Scenarios 5 and 6, which included ADT criteria for deck 

CF, are also shown to illustrate how a more restrictive criterion for the deck would affect the analysis.    

Table 4-7. Overall results for each of the scenario in Oregon 

Bridge 

ID 

Year 

Built 
Facility Under 

Simple 

span (SS) 

or Cont. 

(C) 

Scour 

Rating 

S
ce

n
a

ri
o

 1
 

S
ce

n
a

ri
o

 2
 

S
ce

n
a

ri
o

 3
 

S
ce

n
a

ri
o

 4
 

S
ce

n
a

ri
o

 5
 

S
ce

n
a

ri
o

 6
 

02376B 1975 Water SS 3 48 48 48 48 24 24 

07801A 1973 Highway C N 24 24 24 24 24 24 

01741B 1962 
Relief for 

waterway 
SS 9 24 24 24 24 24 24 

07935A 1973 Water SS 3 24 48 48 48 48 48 

07935B 1973 Water SS 3 24 48 48 48 48 48 

17451 1996 Water C 8 48 48 48 24 48 24 

16454 1987 Highway SS N 24 48 24 24 24 24 

16453 1987 Highway SS N 48 48 48 48 48 48 

9546 1967 
Highway/ 

waterway 
C U 24 48 24 24 24 24 

00988A 1967 Water C 5 24 48 48 48 48 48 

01056A 1970 Water C 5 24 48 48 24 24 24 

9358 1965 Highway SS N 24 48 24 24 24 24 

16873 1991 Water SS 8 48 72 72 72 48 48 

18175 1999 Water C 8 48 48 48 48 48 48 

01895A 1995 
Railroad 

waterway 
C 8 24 48 48 48 48 48 

9915 1970 Highway C N 24 48 24 24 24 24 

8994 1962 Water SS U 24 48 24 24 24 24 

8896 1963 Water SS 3 48 48 48 48 48 48 

20666 2009 Water SS 8 48 72 72 72 48 48 

19739 2007 
Railroad 

waterway 
C 5 24 48 48 48 24 24 

19738 2006 
Railroad 

waterway 
C 5 24 48 48 48 24 24 

19284 2005 other C N 48 48 48 48 48 48 

 

Scour ratings were not a part of the RBI analysis, since scour generally has its own evaluation 

procedures.  Additionally, the scour rating was not considered in the overall analysis because this is a 

unique characteristic of the specific bridge, and therefore, may skew the results for a population of bridges 



91 

selected at random.  A bridge owner may choose to screen bridges with poor scour ratings as a policy; 

however, screening bridges in this manner within the current analysis would not be beneficial in measuring 

the overall effectiveness of the RBI procedures. 

Table 4-8 shows the summary of the RBI results for the Oregon bridges in terms of percentage of 

the sample population.   Based on these analyses, again focusing on scenario 4, approximately 41% of 

bridges would remain on a biennial inspection schedule, while just over 59% of bridges would have a 

larger interval of 48 or 72 months.   These data illustrate the effect of using different criteria to identify the 

CF for the population of bridges and results were as expected; relatively simple, but conservative use of CF 

of “High” for the superstructure results in fewer bridges identified with extended intervals, using a less 

conservative “Moderate” factor results in more bridges on extended intervals.  

Table 4-8.  Summary of final backcasting intervals for 22 bridges in Oregon. 

Scenario No. 
Inspection Interval 

24 month 48 month 72 month 

1 64% 36% 0% 

2 9% 82% 9 % 

3 32% 59% 9% 

4 41% 50.0% 9% 

5 45% 55% 0% 

6 55% 45% 0% 

 

Table 4-9 shows the overall results of the backcasting, considering each of the analysis conducted 

at each existing inspection record.  These results include 157 separate analyses done based on the 

inspection records and for each of the six scenarios for determining the CF and OF described in Table 4-6 

above.  Scenarios 5 and 6, which include considering the ADT on the bridge deck, show only a modest 

difference.  The results shown in this table are generally consistent with those shown in Table 4-8, 

considering that the bridges are aging with time, and consequently, the inspection intervals may be reduced.  

For example, at the end of the back casting period, 50% of the bridges had a 48 month inspection interval 

assigned, as shown in Table 4-8.  However, 68% of the bridges had a 48 month interval assigned at some 

point in the backcasting period, and 57% of all of the analyses conducted indicated a 48 month interval, as 

shown in Table 4-9.   
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These data are significant in showing the consistency of the process when applied over 17 years of 

historical data through the backcasting process.   

Table 4-9. Summary of backcasting intervals for 22 bridges in Oregon (all analyses). 

Scenario No.  
Inspection Interval 

24 month 48 month 72 month 

1 62% 38% 0% 

2 8% 82% 10% 

3 28% 62% 10% 

4 34% 57% 9% 

5 39% 58% 3% 

6 44% 53% 3% 

 

Significantly, there were no instances of a bridge deteriorating to a serious condition between 

inspection intervals, and those with poor condition rating generally were assigned inspection intervals of 24 

months based on the RBI analysis.  For example, Figure 4-10 presents the condition rating history and RBI 

inspection interval for bridge 16454.  This bridge was constructed in 1987, less than 30 years ago, and the 

backcasting assessment for the bridge was initiated in 1998, when the bridge was only 11 years old.  

However, the RBI inspection interval was determined to be 24 months, due to damage modes related to 

corrosion susceptibility of the superstructure.  For this bridge, cracking in the superstructure was present 

early in the service life, resulting in increased likelihood of corrosion damage to the strands in the 

prestressed members.  A repair was completed in 2007, which consisted of epoxy-injection of the 

superstructure cracking.  Looking forward from 1998, the superstructure condition deteriorated relatively 

rapidly as the bridge aged.  For this bridge, the RBI assessed interval was 24 months throughout the 

backcasting period, an appropriate interval given the susceptibility to corrosion damage for this bridge.  

The validity of the short interval is also supported by the fact that the CR decreased from 6 to 4 around 

2002.  Again, the ability of the RBI method to identify the attributes that would suggest the superstructure 

is susceptible to damage resulted in the shortened interval. 
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Figure 4-10.  Condition rating history and RBI inspection interval for bridge 16454. 

There were several bridges that had reported poor condition ratings, and typically those had 

inspection intervals of 24 months assigned.  There were some exceptions. For example, bridge 07935A 

(Figure 4-11) had a reported condition rating of poor (CR=4) in 2013 and had an overlay installed, and the 

inspection interval assigned by RBI was 48 months.  This may seem like a long inspection interval 

considering that this deck required an overlay.  However, the element level condition state for the deck was 

100% in CS 2 (CS 2 = Patched areas and/or spalls/delaminations exist on either side of the deck. The 

combined distressed area is 10% or less of the total deck area); the soffit element was 95% in CS 1 and 5% 

in CS 2, and the deck cracking element was 100% in CS 1.  In this case, the assigned NBIS condition rating 
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appears to not be well-correlated with the element condition states.  Given that the NBI condition ratings 

typically have a variability of +/- 1, and in this case were not consistent with the element level data, it may 

be that the condition rating is not reflective of the overall conditions.  Since these element-level condition 

states contribute significantly to the likelihood estimate, a longer inspection interval was assigned.   

Arrows superimposed on the figure illustrate when an RBI inspection would have been conducted, 

assuming the start year of 1999.  Under this assumption, the year of the RBI inspection would not coincide 

with the year that the condition rating of 4 occurred, though the schedule year is somewhat arbitrary, being 

based herein on the earliest date of available data.  This example was the most problematic of the 22 

sample bridges included in the backcasting, in terms of the RBI interval assigned for the bridge.  However, 

as described above, the apparent incongruity between the RBI inspection interval and the condition rating 

was explained by the element-level inspection results.   

 

Figure 4-11. NBI condition rating history and RBI inspection intervals for bridge 07935A. 
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4.5.1.4 Risk Matrices 

The results of the analysis can be illustrated on the risk matrix to summarize the data and indicate 

the controlling damage modes, i.e. those damage modes representing the highest risk or IPN.  Table 4-10 

shows the damage modes assessed in the Oregon case study, along with an alpha-numeric identifier (D1, 

D2, etc.)  Figure 4-12 includes the risk matrix for bridge 16454 with the damage modes located on the 

matrix according to the results of the RBI analysis (OF and CF).  As shown in this figure, the results of the 

RBI analysis are plotted in appropriate locations on the diagram.  The locations on these plots describe the 

inspection interval identified, and can also be used to calculate inspection priority number (IPN) to identify 

the most important damage modes as identified through the RBI process.  For example, in the plot shown, 

the IPN for S1, S2 and S4 = 9, indicating that these damage modes (cracking, strand corrosion, and rebar 

corrosion) have high importance related to the risk profile for the bridge.  These data are useful for 

identifying an emphasis area for the inspection of the bridge, and could be included in inspection 

procedures or guidance as a normal outcome of the RBI assessment.  Such risk-based inspection procedures 

may improve the reliability of inspection and also communicate the engineering-based RBI assessment of 

the key damage modes for a bridge to inspectors in the field.  Appendix E includes the controlling damage 

modes for the RBI analysis of bridges in Oregon.  Frequently, several of the damage modes had similar risk 

profiles, such that there is not “controlling” damage mode.  This is typical for bridges in good condition, 

such that inspection intervals are typically longer.  These controlling damage modes evolve during the 

service life of the bridge as damage develops and affects the OF.   

Table 4-10.  Key to risk matrix summaries of RAP analysis. 

Deck Superstructure Substructure 

Spalling (D1) Cracking (S1) Settlement (F1) 

Rutting (D2) Strand Corrosion (S2) Corrosion (F2) 

Cracking (D3) Impact (S3)  

 
Rebar Corrosion within the Span 

(S4) 
 

 Bearing Seat problems (S5)  
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Figure 4-12.  Risk matrix for bridge 16454 illustrating results of the RBI analysis. 

 

4.5.1.5 Surrogate Data For A Family of Bridges 

An analysis was conducted of the overall inventory in Oregon based on the results of the RAP 

analysis.  The objective of this analysis was to identify the population of low-risk bridges that were in very 

good condition, and could be assessed in an entirely data-driven process that did not require individual 

assessments of a bridge.  Such bridges could be considered for an extended inspection interval based on the 

RBI analysis, dependent only on a screening process that utilized data in existing databases.  These 

included a series of 22 items that were readily available, such as NBI items or bridge elements included in 

standard inspection reports.  Table 4-11 indicates the individual items that were analyzed and the accepted 

values from the screening.  Each of the criteria was based on attributes or items developed from the RAP 

analysis.  Each of these items is shown in Table 4-11, along with the screening criteria used to analyze the 

inventory data.  Generally, these criteria include bridges that have NBI condition ratings of 7 or higher and 

have no elements with any condition states of 3 or higher reported.  In this case, scour ratings were 

considered as shown in the Table, eliminating bridges with unknown foundations, bridges without scour 

analysis, or bridges that are scour critical.   

Screening the Oregon databases was performed by the Oregon DOT, which provided a listing of 

all bridges meeting the element–level screening criteria included in the Table.  For the NBI criteria, 

filtering of the data was performed by the research team.   
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The results of the analysis indicated that 18% (652/~3600) of the prestressed-concrete bridge 

inventory met all of the criteria indicated in the Table.  For these bridges, the likelihood of serious damage 

developing in the next 72 months interval could be considered low or even remote, based on the RAP 

analysis.  Assuming the CF to be moderate for this population of bridges, an inspection interval of 72 

months could be assigned.  If the effect of scour is not considered, or considered as a separate inspection 

requirement, the number of bridges meeting the other criteria was 970 bridges, or about 1 in 4 bridges.   

Table 4-11.  List of criteria for data-driven screening process based on RBI. 

Prestressed bridges (5, 6) 

Deck 

No. Item Criteria Damage Mode Notes 

1 #358 Deck Cracking SF CS 2 or less Deck Cracking  

2 #359 Soffit Cracking SF CS 2 or less Spalling  

3 Deck elements CS 2 or less Spalling  

4 Age 
Less than 50 

years 
Spalling Deck condition 

5 NBI Item 58 7 or greater Spalling Deck Condition 

6 # 325 CS 2 or less Spalling Dynamic Loading 

7 #370-374 
Coded 1 or 

uncoded 
Fire Fire or incident 

8 #326 CS 1 only Rutting 
Deck wearing surface 

condition 

Superstructure 

9 NBI item 54 17 ft. or greater Superstructure Impact Bridge height 

10 NBI Item 70 Coded 5 Cracking Legal load capacity 

11 NBI Item 71 
Coded 4 or 

greater 
Impact No Overtopping 

12 NBI Item 41 Coded A Cracking Open, no restrictions 

13 #362 Impact(SF) None Rebar Corrosion 
Traffic impact smart 

flag 

14 
Superstructure elements 

#104, 109, 115 
CS 2 or less 

Strand and rebar 

corrosion, bearing 
 

15 NBI Item 59 7 or greater 
Superstructure 

Condition 

Superstructure 

condition rating 

16 Deck Joint items (All) CS 2 or less Bearing area damage Failed deck joint 

17 Bearing elements (All) CS 2 or less Bearing area damage Bearing issues 

18 NBI Item 34 30 degrees or less Bearing area damage Bridge skew 

Substructure 

19 #360 Settlement SF CS 1 or uncoded Settlement Settlement 

20 NBI Item 60 7 or greater Corrosion Damage Substructure condition 

21 NBI Item 113 Not U, 6 or 0-4 Settlement Scour 

22 Substructure elements CS 2 or less Corrosion damage 
Sub. element 

conditions 

 

These data indicate that the RAP process can be used to develop criteria for an entirely data – 

driven process for identifying bridges that are very low risk, and the number of bridges meeting these 
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criteria is significant (almost 1 in 5 prestressed bridges in Oregon).  Such analysis takes only a matter of a 

few hours to complete, once the data items are identified through the RAP process. 

4.5.2 Backcasting Results for Texas 

This section of the dissertation describes the results of backcasting for steel bridges in the state of 

Texas.  This includes a description of the environments identified by the RAP for use in the OF analysis, 

the CF used in the backcasting analysis, overall results, and specific examples selected to illustrate 

implementation of the technology.   

4.5.2.1 Environments  

The environmental conditions considered in the analysis of bridges in Texas also differed 

depending on the damage mode being considered for the RAP.  Generally, the RAP identified an east-west 

interstate highway, I20, as dividing the state into areas where deicing chemical were likely to be used 

(north) and areas where they are very unlikely to be used (south).  These environments were applied for 

most damage modes, such as spalling of bridge decks. For the damage mode of section loss in steel 

members, the RAP identified that the coastal areas were the most aggressive environment, followed by 

areas North of I20 and a moderately aggressive environment, and all other areas being the least aggressive 

environment.   

4.5.2.2 Consequence Factors 

There were four different CF cases considered in the analysis of results in Texas, as shown in 

Table 4-12.  These different cases were selected to illustrate how different criteria established by an RAP 

might affect the outcome of the analysis.  These scenarios included considering all superstructure damage 

modes as “High” consequence, and determining the CF based on the redundancy of the bridge, as described 

previously.  Additional analysis was done to test the effect of including, or not including, the screening 

criteria for a bridge with a pin and hanger connection.  This screening criterion was not identified during 

the RAP process, although it would likely have been identified during the course of a full-scale 

implementation of RBI.  Again, this screening factor affects the OF, making the likelihood “High” for any 

component containing a problematic detail such as a pin and hanger.  Using this screening criterion does 
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not change the CF, but may change the inspection interval.  Finally, the CF was adjusted to consider the 

consequences for deck damage modes as “High” for bridges with high ADT, determined by bridges with 

ADT of 10,000 or greater (according to NBI data).  The scenario 3 is considered the most appropriate case 

for the analysis and is highlighted in the following tables.  

Table 4-12.  Consequence Factor cases used for backcasting in Texas. 

Scenario No. Description 

1 High CF for superstructure  

2 
Superstructure CF is determined by redundancy and 

facility under bridge  (screening not used) 

3 

Superstructure damage mode CF is determined by 

redundancy and facility under bridge – screening for 

pin and hanger used 

4 
All criteria in scenario 3 plus deck damage has high 

consequence if  ADT>10000 

 

4.5.2.3 Summary of Backcasting Results for Texas 

Table 4-13 lists the bridge analyzed in this portion of the study.  This table includes data on the 

year of construction, and the facility under the bridge and the structure span type (simple or continuous).  

The scenario 3 is highlighted in this table to illustrate the most likely or commonly applicable CF case that 

would be utilized to evaluate the bridges.   

Data models developed through the RAP process were used to analyze each bridge and determine 

the appropriate RBI interval.  Table 4-14 shows the results of the analysis for the most recent year for 

which inspection results were available.  As shown in the table, for the most recent analysis year, there 

were 12% of the bridges with a 72 month inspection interval and 53% with a 48 month inspection interval, 

while 35% were found to have a 24 month maximum interval.  The maximum interval found during the 

analysis indicated that 24% of the bridges had an RBI interval of 72 months at some point during the 

backcasting period, indicating that the RBI practice included shorter interval as these bridges became older 

and deterioration progressed.   

Appendix E includes the controlling damage modes for the RBI analysis of bridges in Texas.  

Frequently, several of the damage modes had similar risk profiles, such that there is not a “controlling” 
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damage mode.  This is typical for bridges in good condition, such that inspection intervals are typically 

longer.  

Table 4-13. List of bridges analyzed in Texas. 

Bridge ID 

Y
ea

r 
B

u
il

t 

Facility 

Under 

Structure 

Type   

Scour 

Condition 

S
ce

n
a

ri
o

 1
 

S
ce

n
a

ri
o

 2
 

S
ce

n
a

ri
o

 3
 

S
ce

n
a

ri
o

 4
 

01-139-0-0769-01-007 1956 Waterway C 5 24 24 24 24 

02-127-0-0014-03-194 1963 Highway C N 24 24 24 24 

02-127-0-0094-04-057 1939 Waterway SS 8 48 72 72 48 

02-220-0-1068-02-058 1957 Highway C N 24 24 24 24 

05-152-0-0067-11-188 1990 
Highway, 

Railroad 
C N 48 48 48 48 

08-030-0-AA01-31-001 1985 Waterway SS 5 48 48 48 48 

12-085-0-1911-01-003 1943 Waterway SS 8 24 48 48 48 

12-102-0-0027-13-195 1979 Highway SS N 48 48 48 48 

12-102-0-0500-03-320 1990 Highway C N 48 48 48 24 

15-015-0-0025-02-162 1967 Highway C N 48 48 48 48 

15-015-0-B064-55-001 1964 Waterway C 5 48 72 72 72 

18-057-0-0092-14-210 1973 
No Feature 

Under 
C N 48 48 24 24 

18-061-0-0196-01-133 1960 Highway C N 24 24 24 24 

19-019-0-0610-06-162 1971 Highway C N 24 24 24 24 

23-141-0-0251-05-020 1934 Waterway C 8 48 48 48 48 

23-215-0-0011-07-056 1948 Waterway C 8 48 48 24 24 

24-072-0-0167-01-059 1970 Highway C N 48 48 48 48 

 

Table 4-14. Results of backcasting for bridges in Texas. 

Scenario No. 
Inspection Interval 

24 month 48 month 72 month 

1 35% 65% 0% 

2 29% 59% 12% 

3 35% 53% 12% 

4 47% 47% 6% 
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Table 4-15 shows the overall results from each of the 117 analyses conducted during the 

backcasting procedure.  These data illustrate the relative consistency of the process and the application of 

the attribute criteria to the steel bridge population in Texas. 

Table 4-15. Results of backcasting including all analysis. 

CF Case No. 
Inspection Interval 

24 month 48 month 72 month 

1 29% 71% 0% 

2 27% 58% 15% 

3 32% 53% 15% 

4 44% 50% 6% 

4.5.3 Examples 

This section provides two examples from the analysis of bridges in Texas.  The first example is a 

bridge that included a pin and hanger connection.  In the backcasting analysis, the presence of a pin and 

hanger connection was used as a screening factor that made the OF high, regardless of other attributes of 

the bridge.  This screening factor is based on the historical experience that pin and hanger connections 

frequently present maintenance challenges.  Figure 4-13 indicates the inspection intervals determined for 

the structure during the backcasting, along with the NBI condition rating history.  As can be seen in the 

figure, the superstructure condition rating dropped 3 ratings, from 7 to 4, over a single inspection interval.  

According to the inspection records reviewed during the backcasting, this reduction was due to damage to 

the pin and hanger connection.  Rehabilitation of this pin and hanger joint was required and was ongoing in 

2013.   

This example is important because it illustrates the importance of identify screening factors in the 

RBI process.  Screening factors are intended to identifying bridge attributes that make the likelihood of 

serious damage unusually high, unusually uncertain, or otherwise different than other bridges in a group.  

As shown in this example, the screening factor of bridges with pin and hanger connections was needed to 

capture the unusual behavior of this bridge.  
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Figure 4-13. Historical NBI data and RBI inspection intervals for a steel bridge in Texas with a pin 

and hanger connection. 

 

The second example was a steel multi-girder short span bridge constructed in 1943.  For this 

bridge, located in a coastal environment, backcasting indicated an inspection interval of 72 months between 

the years of 2001 and 2006, changing to a 48 month interval based on the results of the 2008 inspection.  

The change in the inspection interval for this bridge resulted from corrosion related deterioration of the 

superstructure, i.e. likelihood for severe section loss.  Figure 4-14 shows that even though this bridge was 

70 years old, the overall condition of the superstructure was satisfactory at the beginning of the backcasting 

period, and subsequently reduced to fair, where the structure condition rating remained.  The inspection 

interval was also reduced during this period.  Again, the RBI practice doesn’t necessarily reflect the NBI 
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condition ratings, as the data model includes specific information regarding the element condition state and 

other factors.  It should also be noted that the deck and substructure are generally in satisfactory condition, 

and the superstructure is in “Fair” condition due to the damage mode of section loss caused by corrosion, 

which is known to be a slow-acting deterioration mechanism.   

 

Figure 4-14. Example bridge in Texas with decreasing inspection interval resulting from section loss. 

Table 4-16 indicates the damage modes evaluated for the steel bridges in Texas, including damage 

modes for the superstructure, deck, and substructure.  Figure 4-15 demonstrates these damage modes 

plotted on the standard risk matrix; Figure 4-15(A) is the risk matrix for the bridge including a pin and 
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hanger connection, and Figure 4-15(B) is the risk matrix for the bridge with section loss.  Considering 

Figure 4-15, the data plotted on the figure illustrate that, according to the damage modes identified, the 

inspection interval for this bridge would be 48 months.  Recall that this bridge included a pin and hanger 

connection, used as a screening criteria to identified the OF as high for the superstructure.  In other words, 

the data in Figure 4-15 indicates the inspection interval for the bridge if the bridge did not include a pin and 

hanger connection.  This illustrates how screening criteria affect the analysis; for this bridge, the overall 

condition based on the condition rating, notes, and element level data suggest an inspection interval of 48 

months.  However, the bridge includes an attribute, i.e. a pin and hanger connection, that makes the 

anticipated behavior of the bridge unusually uncertain and not typical of other bridges in the family.  As 

such, this screening criterion is critical to determining the effective interval for this bridge.   

Table 4-16. Damage modes for the steel bridges in Texas 

Deck Superstructure Substructure 

Spalling (D1) Section Loss (S1) Settlement (F1) 

Punch thru (D2) Impact (S2) Corrosion (F2) 

Cracking (D3) Fatigue Cracking (S3)  

Delamination (D4) Overload Damages (S4)  

 

Figure 4-15 indicates the risk matrix for bridge 1922-01-003.  As shown in this figure, the damage 

mode of section loss controls the inspection interval for the bridge.  These data illustrate how individual 

damage modes can control the inspection interval for the bridge.  In this case, the bridge is 70 years old and 

in a relatively aggressive coastal environment.  As such, it is rational that a shorter inspection interval 

would be required than if the bridge were in an arid environment.    
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Figure 4-15. Risk matrices for steel bridges in Texas. 

4.5.4 Surrogate Data  

Surrogate data was analyzed for Texas, based on the data models developed from the RAP.  Since 

Texas has not traditionally used its element-level data for bridge management purposes, these data are not 

maintained within a single database; therefore, the surrogate data relied solely on NBIS data to scan the 

inventory and identify bridges for the extended interval of 72 months.  Table 4-17 indicates the parameters 

used in the analysis.   
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Based on this analysis, it was found that 927, or 12.5% of the inventory in Texas, met all of these 

parameters for the extended inspection interval.  These data were also analyzed without regard to the age 

criteria identified in Table 4-17.  This resulted in a slight increase 1068/7423=14.38%  

 

Table 4-17. List of criteria for data-driven screening process based on RBI for Texas 

Steel bridges (3, 4) 

Deck 

No. Item Criteria Damage Mode Notes 

4 Age 
Less than 50 

years 
Spalling Deck condition 

5 NBI Item 58 7 or greater Spalling, Cracking Deck Condition 

Superstructure 

10 NBI Item 70 Coded 5 Cracking Legal load capacity 

11 NBI Item 71 
Coded 4 or 

greater 
Impact No Overtopping 

12 NBI Item 41 Coded A Cracking Open, no restrictions 

7 NBI item 54 17 ft. or greater 
Superstructure 

Impact 
Bridge height 

15 NBI Item 59 7 or greater 
Superstructure 

Condition 

Superstructure 

condition rating 

18 NBI Item 34 
30 degrees or 

less 
Bearing area damage Bridge skew 

Substructure 

20 NBI Item 60 7 or greater Corrosion Damage 
Substructure 

condition 

21 NBI Item 113 Not U, 6 or 0-4 Settlement Scour 

 

4.6 Discussion of the Case Studies in Oregon and Texas  

The case studies were used to verify the effectiveness of the RBI procedure developed through the 

research.  Overall, the backcasting illustrated that the RBI process was effective in determining a suitable 

inspection interval for each bridge in the study.  

4.6.1 Backcasting Results 

The backcasting procedure was used to verify the effectiveness of the RBI process, and there were 

three primary questions addressed, as discussed previously.  The following discusses each question 

individually in terms of the outcome of the backcasting.  
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1. Did the condition rating for any component change significantly during the RBI interval 

in a manner that was not captured or anticipated effectively, but would have been 

captured (or detected sooner) by a standard, 24 month interval?  

A detailed review of the condition ratings for each of the bridges included in the study was 

conducted, as illustrated in the examples presented herein.  This review and analysis indicated that there 

were no cases where the condition rating changed unexpectedly in a manner that was not captured or 

reflected in the RBI inspection interval identified when screening criteria were used.  Recall that screening 

criteria of CS 4 or 5 for prestressed-concrete bridges in Oregon and a pin and hanger connection in Texas 

were implemented in the analysis.   

2. Were there any significant maintenance or repair actions completed, which would have 

been delayed as a result of implementing an RBI interval (relative to a standard, 24 

month interval)? 

Reviews of the repair histories for the subject population of bridges were conducted based on 

available records.  This review did not indicate any instances where there were sudden or unexpected 

repairs required that would have been delayed as a result of RBI intervals.  There were cases where routine 

maintenance or repair, such as a deck overlay, did not coincide with an RBI interval; however, this 

depended on when the RBI cycle was initiated.  There were also several cases where repair or rehabilitation 

activities were performed during the backcasting window; however, the activities were generally consistent 

with the RBI analysis and would not be adversely affected by the RBI implementation.  For example, a 

bridge identified by RBI as being susceptible to corrosion damage had epoxy injection performed, 

consistent with the RBI analysis.  In most cases, there were no significant repairs during the backcasting 

window.  

3. Were there any significant factors or criteria not identified through the RAP analysis that 

were needed in the data models to provide suitable results? 

There was one case in each state where there were factors that were not identified through the 

RAP processes that were needed for the data models.  In Oregon, a screen for elements with CS 4 or 5 was 

needed in the data models; in Texas, a screen for pin and hanger connections was needed.  In both cases, 
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these were relatively obvious additions to the data models that were overlooked during the RAP meetings, 

but would likely be identified by anyone implementing the backcasting procedures.   

The overall objectives of this portion of the research were to demonstrate the implementation of 

the methodologies with state DOT personnel, and verify the effectiveness of RBI analysis in determining 

suitable inspection intervals for typical highway bridges.  In terms of these objectives, the RAP meeting in 

each state, and the effectiveness of the data models developed through that RAP process, indicated that the 

processes developed for RBI analysis were effective, practical, and implementable using state DOT 

personnel in Texas and Oregon.  The results of the backcasting process described above verified the 

effectiveness of the RBI procedures, and demonstrated that implementation of the RBI practice did not 

adversely affect the safety and serviceability of the sample bridges analyzed.  

It should also be noted that for bridges where an inspection interval of 72 months was proposed 

using the RBI analysis, there were no cases of sudden repair, unexpected progression of damage, or sudden 

changes to the condition ratings for the bridge.  These results indicated that the RBI procedures were 

effective in identifying a portion of the inventory, typically on the order of 10% of the sample bridge 

population, where an inspection interval of 72 months provided a suitable inspection interval that did not 

compromise the safety and serviceability of these bridges.   It should be noted that the sample population of 

bridges was older than the average age of the inventories in each state, such that the identified rate (~10 %) 

would likely be higher for a population of bridges constructed more recently.   

Importantly, the results of the RBI analysis in each state, the subsequent backcasting to verify the 

models developed through the RBI analysis based on historical records of specific bridges, and the 

statistical models describing the TICR for different bridge components over larger populations, provide 

consistent results that combine to form a comprehensive model for inspection planning.   This model 

includes consideration of specific bridge attributes, such as environment, condition and design, as well as 

population statistics based on historical inspection records, that not only demonstrates that inspection 

intervals of greater than 24 months are suitable for highway bridges, but also identifies specifically the 

bridges for which longer intervals are appropriate, based on engineering analysis.   
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5 Conclusions, Recommendations, and Future Research 

The implementation of the RBI methodology developed through the Phase I of the NCHRP 12-82 

research was tested by conducting statistical analysis and case studies in two states.  The objective of the 

statistical models was to develop a simple, rational method that is data-based to support decisions regarding 

the appropriate bridge inspection intervals.  The objectives of the case studies were to demonstrate the 

implementation of the methodologies with state DOT personnel and verify the effectiveness of RBI 

analysis in determining suitable inspection intervals for typical highway bridges.  The verification of the 

methodology was analyzed using a backcasting procedure that compared historical inspection records with 

the results of RBI analysis.  The efforts to meet these objectives demonstrated and verified the effectiveness 

of the RBI method for identifying appropriate inspection intervals for typical highway bridges.   

In terms of the objective of the research, conclusions were as follows: 

 Develop new probabilistic models to quantify risk and to estimate inspection intervals for 

highway bridges 

The research showed that Weibull distributions were suitable for describing the TICR for bridge 

components.  Suitable means of analyzing data from the NBI was developed and demonstrated for the 

purpose of providing quantitative data for decision-making for inspection planning.  This included 

quantifying risk by providing estimates of the probability of failure (changing condition rating) as a 

function of TICR.  

 Verify the suitability of RBI-based inspection intervals for ensuring the safety and 

serviceability of highway bridges 

Inspection intervals of up to 72 months, identified through the RBI process, did not compromise 

the safety and serviceability of highway bridges.  This was established through the backcasting process 

developed through the research, which provided empirical evidence that the RBI approach did not 

compromise the safety and serviceability of bridges.  These data were supported by results from the 

statistical models developed through the research.    
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By integrating statistical analysis and backcasting process for case studies, it was demonstrated 

that the RBI practices identified appropriate inspection intervals of up to 72 months, and that such intervals 

were justified based statistical analysis of historical data on the condition ratings for bridges.  These results 

are significant because prior to this research, inspection intervals were uniform and based solely on 

engineering judgments.  Through this research, a comprehensive method of inspection planning that 

considers both the historical performance of bridge populations and the inspection needs for specific 

bridges was developed.  This is a significant advancement from the traditional inspection planning methods 

that relied on a single, uniform inspection interval.   

It was concluded from these studies that implementation of the RBI practices did not adversely 

affect the safety and serviceability of the bridges analyzed in the study, based on the backcasting analysis 

of historical inspection records.  These studies also successfully demonstrated the implementation of the 

NCHRP report 782 Guidelines and the procedures therein using state DOT personnel.   

The results of the research demonstrated and verified that inspection intervals of up to 72 months 

were suitable for certain bridges.  Such extended inspection intervals would allow for the reallocation of 

inspection resources toward bridges which require more frequent and in-depth inspections, resulting in 

improved safety and reliability of bridges.  The following sections will describe contributions, potential 

impacts of this research, and future research of the new proposed methodology.  

5.1 Contributions 

The primary contribution of this research is the comprehensive model for verifying the suitability 

of inspection intervals based on the RBI approach developed in NCHRP12-28.   This included developing 

and demonstrating 1) a statistical approach to estimating inspection intervals and 2) a backcasting 

methodology for verifying inspection intervals for specific bridges.  Combined, these technologies 

developed through the research make a significant contribution to the state-of-the-art for inspection 

planning for highway bridges.  These technologies could transform traditional inspection practices for 

bridges, which have relied on uniform inspection interval based only on engineering judgment, to a data-

driven process that integrates engineering judgments with statistical evidence to optimize the inspection 

process.  
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Additionally, probabilistic risk models were developed to quantify risk and to estimate bridge 

inspection intervals for highway bridges in the US.  A data trimming method was developed to increase the 

quality of database and, as a result to increase the reliability of the statistical models.  The data for 

statistical modeling was obtained from four states, including Oregon, Texas, Indiana, and Missouri, with 

different operational environments.  These models were also based on very large sample sizes and longtime 

window that had never been conducted in previous bridge studies.  The probabilistic nature of data was 

considered systematically by developing stochastic models beside deterministic models.  In order to get a 

better estimate of bridge deck performance, an ANOVA test was applied on a large sample of bridges to 

develop more reliable statistical models by categorizing bridge decks based on the materials utilized in the 

superstructures.  All of the statistical models indicated that the current 24 month inspection interval could 

be safely extended up to 72 months for bridges in good condition.  However, in order to consider the 

unique attributes of each bridge during the inspection intervals, the results from these statistical models 

were synthesized with the RBI method that had been developed in the Phase I of the NCHRP 12-82 project, 

but had never been verified before.  Two case studies were then conducted on bridges in the states of 

Oregon and Texas to verify the effectiveness and reliability of the RBI method; this was conducted by 

developing a new backcasting method.  The new backcasting method enabled the research team to verify 

the effectiveness of the RBI method without imposing any risk on the road users.  Moreover, backcasting 

helped to evaluate the new RBI methodology based on the actual performance of bridges without the need 

for engineering judgment and the associated subjectivity.  New software was developed to reduce human 

error and to conduct more RBI analyses over the course of the research.  Finally, the integration of 

statistical models and backcasting method created a new method to determine bridge inspection intervals to 

meet the safety and serviceability requirements between inspections.  

5.2 Impacts 

There are more than 605,000 bridges in the United States and each of these bridges requires 

periodic inspection at the current 24 month inspection interval.  Under the proposed RBI methodology, 

inspection intervals may be extended up to 72 months for certain bridges; extending inspection intervals 

would have tremendous impacts in terms of both economics and safety.  The proposed methodology will 
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significantly change the process and procedures for managing the bridge infrastructure and will allow 

individual states to focus inspection resources where those resources are most needed.  Based on the 

successful development of the RBI method, and the verification of those processes completed within this 

research, the federal regulations for bridge inspection (23 CFR 650) may be modified under proposed 

rulemaking procedures.  These modifications are currently under consideration.  The new national bridge 

inspection standards (23 CFR 650) will allow the implementation of the RBI technology; and finally, the 

implementation of the RBI technology will have a significant, nation-wide impact.   

5.3 Recommendations 

This research has developed a new and integrated method for determining suitable inspection 

intervals for typical highway bridges, and therefore, implementation of the RBI technology is 

recommended.  The research demonstrated that inspection intervals of up to 72 months were suitable for 

certain bridges and these longer inspection intervals did not affect the safety and serviceability of the 

bridges analyzed in the study.  Such extended inspection intervals would allow the reallocation of 

inspection resources toward bridges which require more frequent and/or in-depth inspections, resulting in 

improved safety and reliability of bridges.  Based on these results, implementation of RBI technology and 

inspection intervals of up to 72 months for certain bridges should be pursued.   

The approach can be applied to bridges with advanced deterioration.  However, analysis 

requirements may be more detailed and advanced; development of such analysis should be pursued to 

provide a uniform strategy for bridge inspection across the entire bridge inventory.  Additional research and 

testing may be used to broaden the application of the RBI technology.  

Finally, the backcasting procedure developed in this research should be considered for 

implementation when RBI practices are to be used for inspection planning for bridges.  This 

recommendation is based on the result from the research which indicated that a screening criterion in each 

state was not identified during the RAP.  Additionally, the RAP process may be subject to variability when 

applied over a broader platform, although that was not observed in the research.  Backcasting provides a 

means for verification of models developed by the RAP and QA tool for assessing the RBI process.  As 

such, the backcasting procedure provides a critical tool for the implementation of RBI technology.  
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5.4 Future Research  

Suggested research stemming from this project includes developing applications of the technology 

for atypical highway bridges; this includes non-redundant members, complex bridges, and bridges with 

advanced deterioration.  Additional research to demonstrate the consistency of the process across a larger 

population of bridge owners, and for families of bridges not examined herein, should be undertaken.   

In addition, efforts will be required to support implementation of the technology.  A comprehensive 

implementation plan, which includes additional research on economics of applying the methodology and 

developing software, will be required. 
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Appendix A 

RAP Members Profile 
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RAP Members Profile 

Survey Questions 

Please indicate your current position title.  

Highest degree earned. (ex. B.S., M.S., Ph.D.) and field of study (Ex. Civil Engineering)  

Do you have a P.E. License in your state? (Y/N)  

Are you currently qualified as a team leader?  (If you don’t know, answer “No”)  

Are you the program manager for your State’s inspection program?  

How many years of experience do you have conducting Routine bridge inspections in the field, if any?  

How many years of experience do you have conducting In-Depth or Special bridge inspections in the field, 

if any?(ex. FC inspections, damage inspections)  

How many years of experience do you have in bridge inspection generally, either as a manager, responding 

to the results of inspections, overseeing the execution of inspection (For example, contract oversight), 

reviewing results of inspection, QC/QA,  etc.  

How many years of experience do you have in the general field of managing in-service bridges, such as 

bridge maintenance, preservation maintenance, and/or repair / rehabilitation?  

How many years of experience do you have in bridge engineering overall? 

Are you certified in any Nondestructive Testing (NDT) technologies? Please list level and method. 

 Do you have any experience with deterioration modeling, forecasting funding needs based on bridge 

conditions, or other efforts to forecast future bridge performance (condition)?  (Y/N) 

 

Numbers in the first row of tables 1 and 2 correspond to the question numbers mentioned above. 
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Table A-1. Results of RAP member profile survey for Oregon 

 

 

Table A-2: Results of RAP member profile survey for Texas 
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Human Factors Survey 

Survey Questions 

The bridge inspection program in my state is effective at ensuring bridge safety. 

Bridges in my state are generally in above-average condition relative to other states. 

I have the resources (time, money, equipment) I need to effectively execute my job assignment. 

Overall, the resources needed to maintain the safety and serviceability of bridges are available in my state. 

Too much time and money is spent on conducting unnecessary bridge inspections. 

The current NBIS inspection interval of 24 months is a good way to ensure adequate inspections are 

conducted. 

Bridge failures are a common occurrence. 

For certain bridges, longer (i.e. greater than 24 months) inspection intervals would not compromise safety. 

The current requirements to become a certified bridge inspector are sufficient. 
*Each row number in the following tables corresponds to the question number above. 

Table A-3. Results of RAP human factor survey for Oregon 

 

Table A-4. Results of RAP human factor survey for Texas 

 

 

 
Strongly Disagree 

   
Strongly Agree 

 
1 2 3 4 5 

1 0.00% 0.00% 22.22% 11.11% 66.67% 

2 0.00% 11.11% 33.33% 33.33% 22.22% 

3 0.00% 28.57% 0.00% 57.14% 14.29% 

4 0.00% 25.00% 25.00% 25.00% 25.00% 

5 0.00% 42.86% 14.29% 28.57% 14.29% 

6 0.00% 22.22% 33.33% 44.44% 0.00% 

7 100.00% 0.00% 0.00% 0.00% 0.00% 

8 0.00% 0.00% 22.22% 11.11% 66.67% 

9 0.00% 0.00% 50.00% 25.00% 25.00% 

 

 
Strongly Disagree 

   
Strongly Agree 

 1 2 3 4 5 

1 0% 20% 0% 40% 40% 

2 20% 0% 0% 40% 40% 

3 20% 20% 40% 20% 0% 

4 0% 40% 20% 40% 0% 

5 0% 20% 40% 20% 20% 

6 20% 40% 40% 0% 0% 

7 60% 20% 0% 0% 20% 

8 0% 20% 0% 20% 60% 

9 0% 20% 60% 20% 0% 
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Post RAP Survey 

Survey Questions 

Were the stated objectives of the workshop met? 

Were the facilities for the workshop adequate/appropriate? 

The workshop was well organized. 

Two days was an appropriate time period for the workshop 

The training provided was adequate to effectively conduct the reliability assessment and act as a panel 

member.  

The advance and on-site handouts were effective. 

 

Table A-5. Results of Post RAP Survey for Oregon 

 

 

Table A-6. Results of Post RAP Survey for Texas 

 

 

 

 

 
Strongly Disagree 

   
Strongly Agree 

 
1 2 3 4 5 

1    40% 60% 

2    50% 50% 

3    60% 40% 

4    40% 60% 

5    60% 40% 

6    80% 20% 

 

 
Strongly Disagree 

   
Strongly Agree 

 
1 2 3 4 5 

1 0% 25% 25% 50% 0% 

2 0% 0% 0% 100% 0% 

3 0% 0% 0% 100% 0% 

4 25% 0% 25% 50% 0% 

5 0% 0% 50% 50% 0% 

6 0% 0% 25% 50% 25% 
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Research Approach 

Survey Questions 

 

Do you feel that the methodology being developed would be useful for your state?  

Do you feel that the methodology being developed would be implementable in your State? 

 

Table A-7. Results of research approach survey for Oregon 

 
Yes No 

1 100% 0 

2 100% 0 

 

 

Table A-8. Results of research approach survey for Texas 

 
Yes No 

1 100% 0 

2 100% 0 

 

 

Based on what you learned about the methodology in the workshop, which of the following statements best 

describes your impression of the methodology: 

It’s too complicated and time consuming to be implemented 

It’s too simple to be effective 

It’s somewhat practical and implementable, but would be very challenging 

Its practical and implementable 

 

For Oregon:20%choice“C”and80%choice“D” 

ForTexas:100%choice“C” 
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Appendix B 

Statistical Models 

Parameters of the Weibull Distributions for  

Oregon 

Texas 

Missouri 

Indiana 
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Oregon 

Decks/Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.796 1.72 1.891 2.315 2.01 

the scale parameter θ 6.461 7.642 9.054 12.74 9.94 

Mean E(x)= 5.75 6.81 8.04 11.29 8.81 

Variance V(x)= 10.96 16.66 19.52 26.77 21.01 

Standard Deviation Std 3.31 4.08 4.42 5.17 4.58 
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Time (years)

0 5 10 15 20 25

D
e
n
si

ty

0.00

0.05

0.10

0.15

0.20

CR4 

CR5 

CR6 

CR7 

CR8 

 

Weibull Distribution for Deck of Concrete Bridges in Oregon

Time (years)

0 5 10 15 20 25

P
ro

b
a
b
il

it
y

0.0

0.2

0.4

0.6

0.8

1.0

CR4 

CR5 

CR6 

CR7 

CR8 

 

 



126 

Decks/PS Concrete 

 

  CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 3.149 1.753 1.664 2.141 2.956 

the scale parameter θ 2.796 4.972 7.199 11.53 14.59 

Mean E(x)= 2.50 4.43 6.43 10.21 13.02 

Variance V(x)= 0.76 6.80 15.78 25.21 22.99 

Standard Deviation Std 0.87 2.61 3.97 5.02 4.80 

 

Weibull Distribution for Deck of Prestressed Concrete Bridges in Oregon
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Decks/Steel  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.544 1.655 1.825 2.211 1.94 

the scale parameter θ 3.964 7.306 8.763 11.61 8.498 

Mean E(x)= 3.57 6.53 7.79 10.28 7.54 

Variance V(x)= 5.56 16.42 19.55 24.13 16.39 

Standard Deviation Std 2.36 4.05 4.42 4.91 4.05 
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Superstructures\Concrete  

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.645 1.523 1.883 2.066 2.213 

the scale parameter θ 5.223 5.955 8.588 10.88 10.43 

Mean E(x)= 4.67 5.37 7.62 9.64 9.24 

Variance V(x)= 8.49 12.91 17.70 23.94 19.44 

Standard Deviation Std 2.91 3.59 4.21 4.89 4.41 

Median (Weibull) 
 

4.18 4.68 7.07 9.11 8.84 
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Superstructures\Prestressed-concrete 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.259 1.722 1.76 2.105 3.128 

the scale parameter θ 4.185 5.218 7.283 11.51 15.2 

Mean E(x)= 3.89 4.65 6.48 10.19 13.60 

Variance V(x)= 9.68 7.75 14.47 25.90 22.67 

Standard Deviation Std 3.11 2.78 3.80 5.09 4.76 

Median (Weibull) 
 

3.13 4.22 5.91 9.67 13.52 
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Superstructures\Steel  

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.581 1.62 1.863 2.537 1.773 

the scale parameter θ 4.535 6.84 9.098 12.95 8.83 

Mean E(x)= 4.07 6.13 8.08 11.49 7.86 

Variance V(x)= 6.93 15.02 20.27 23.56 20.98 

Standard Deviation Std 2.63 3.88 4.50 4.85 4.58 

Median (Weibull) 
 

3.60 5.46 7.47 11.21 7.18 
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Substructure\ Concrete 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.453 1.489 1.499 1.97 2.409 

the scale parameter θ 4.056 6.032 7.564 10.91 11.27 

Mean E(x)= 3.68 5.45 6.83 9.67 9.99 

Variance V(x)= 6.61 13.88 21.52 26.26 19.53 

Standard Deviation Std 2.57 3.73 4.64 5.12 4.42 
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Substructure\PS Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.5 1.525 1.478 1.985 2.366 

the scale parameter θ 4.129 6.394 6.653 11.67 13.31 

Mean E(x)= 3.73 5.76 6.02 10.34 11.80 

Variance V(x)= 6.41 14.84 17.15 29.63 28.12 

Standard Deviation Std 2.53 3.85 4.14 5.44 5.30 
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Substructure\Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.318 1.551 1.65 2.209 2.107 

the scale parameter θ 4.529 6.334 8.384 12.36 9.529 

Mean E(x)= 4.17 5.70 7.50 10.95 8.44 

Variance V(x)= 10.20 14.07 21.76 27.39 17.72 

Standard Deviation Std 3.19 3.75 4.66 5.23 4.21 
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TEXAS 

Decks/Concrete 

 

  CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.787 1.479 1.546 2.309 1.786 

the scale parameter θ 5.223 7.096 8.618 12.69 9.738 

Mean E(x)= 4.65 6.42 7.75 11.24 8.66 

Variance V(x)= 7.23 19.48 26.21 26.68 25.16 

Standard Deviation Std 2.69 4.41 5.12 5.17 5.02 
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Decks/Prestressed-concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.678 1.46 1.56 2.197 1.803 

the scale parameter θ 4.373 5.889 8.395 13.13 12.32 

Mean E(x)= 3.91 5.33 7.55 11.63 10.96 

Variance V(x)= 5.73 13.79 24.42 31.21 39.54 

Standard Deviation Std 2.39 3.71 4.94 5.59 6.29 

 

Weibull Distribution for Deck of Prestressed Concrete Bridges in Texas

Time (years)

0 5 10 15 20 25

D
e
n
si

ty

0.00

0.05

0.10

0.15

0.20

CR4 

CR5 

CR6 

CR7 

CR8 
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Decks/Steel  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.231 1.386 1.723 2.066 1.528 

the scale parameter θ 6.051 7.582 10.34 12.43 8.212 

Mean E(x)= 5.66 6.92 9.22 11.01 7.40 

Variance V(x)= 21.34 25.57 30.40 31.25 24.38 

Standard Deviation Std 4.62 5.06 5.51 5.59 4.94 
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Superstructures\Concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.359 1.47 1.65 2.814 1.912 

the scale parameter θ 5.953 8.656 10.09 14.41 8.205 

Mean E(x)= 5.45 7.83 9.02 12.83 7.28 

Variance V(x)= 16.46 29.37 31.51 24.40 15.70 

Standard Deviation Std 4.06 5.42 5.61 4.94 3.96 

Median (Weibull) 
 

4.55 6.75 8.08 12.65 6.77 
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Superstructures\Prestressed-concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.631 1.512 1.522 1.922 1.9 

the scale parameter θ 5.892 6.522 8.154 12.68 12.03 

Mean E(x)= 5.27 5.88 7.35 11.25 10.67 

Variance V(x)= 11.00 15.72 24.23 37.14 34.15 

Standard Deviation Std 3.32 3.96 4.92 6.09 5.84 

Median (Weibull) 
 

4.71 5.12 6.41 10.48 9.92 
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Superstructures\Steel  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.581 1.62 1.863 2.537 1.773 

the scale parameter θ 4.535 6.846 9.098 12.95 8.83 

Mean E(x)= 4.07 6.13 8.08 11.49 7.86 

Variance V(x)= 6.93 15.05 20.27 23.56 20.98 

Standard Deviation Std 2.63 3.88 4.50 4.85 4.58 

Median (Weibull) 
 

3.60 5.46 7.47 11.21 7.18 
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Substructures\Concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.354 1.502 1.806 2.189 1.657 

the scale parameter θ 5.594 8.74 10.89 12.9 8.52 

Mean E(x)= 5.13 7.89 9.68 11.42 7.62 

Variance V(x)= 14.65 28.62 30.80 30.32 22.28 

Standard Deviation Std 3.83 5.35 5.55 5.51 4.72 
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Substructures\PS Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.6 1.485 1.578 2.748 1.685 

the scale parameter θ 5.686 6.875 9.293 15.03 8.193 

Mean E(x)= 5.10 6.21 8.34 13.37 7.31 

Variance V(x)= 10.64 18.13 29.23 27.65 19.93 

Standard Deviation Std 3.26 4.26 5.41 5.26 4.46 
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Substructures\Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.337 1.49 1.845 1.894 1.564 

the scale parameter θ 5.324 8.133 11.3 11.97 7.136 

Mean E(x)= 4.89 7.35 10.04 10.62 6.41 

Variance V(x)= 13.65 25.20 31.84 34.01 17.55 

Standard Deviation Std 3.70 5.02 5.64 5.83 4.19 
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Missouri 

Deck/Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.269 2.23 2.868 2.659 1.91 

the scale parameter θ 8.598 14.75 16.58 16.57 12.31 

Mean E(x)= 7.98 13.06 14.78 14.73 10.92 

Variance V(x)= 40.12 38.35 31.27 35.57 35.41 

Standard Deviation Std 6.33 6.19 5.59 5.96 5.95 

Median (Weibull) 
 

6.44 12.51 14.59 14.44 10.16 
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Deck/PS Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.885 1.65 1.687 3.339 2.04 

the scale parameter θ 10.37 7.111 11.98 17.64 13.63 

Mean E(x)= 9.20 6.36 10.69 15.83 12.08 

Variance V(x)= 25.76 15.65 42.52 27.32 38.45 

Standard Deviation Std 5.08 3.96 6.52 5.23 6.20 

Median (Weibull) 
 

8.54 5.69 9.64 15.81 11.39 
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Deck/Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.287 1.421 1.826 2.118 1.544 

the scale parameter θ 5.891 9.405 12.99 13.87 9.069 

Mean E(x)= 5.45 8.55 11.54 12.28 8.16 

Variance V(x)= 18.23 37.27 42.91 37.19 29.11 

Standard Deviation Std 4.27 6.10 6.55 6.10 5.39 

Median (Weibull) 
 

4.43 7.27 10.63 11.67 7.15 
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Superstructure/Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.228 2.237 2.893 2.584 1.843 

the scale parameter θ 8.331 15 16.61 16.43 12.47 

Mean E(x)= 7.79 13.29 14.81 14.59 11.08 

Variance V(x)= 40.69 39.44 30.92 36.74 38.86 

Standard Deviation Std 6.38 6.28 5.56 6.06 6.23 

Median (Weibull) 
 

6.18 12.73 14.63 14.26 10.22 
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Superstructure/PS Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.861 1.599 1.84 2.718 1.974 

the scale parameter θ 10.63 7.217 12.21 16.47 12.12 

Mean E(x)= 9.44 6.47 10.85 14.65 10.74 

Variance V(x)= 27.72 17.17 37.37 33.83 32.29 

Standard Deviation Std 5.27 4.14 6.11 5.82 5.68 

Median (Weibull) 
 

8.73 5.74 10.00 14.39 10.07 
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Weibull Distribution for Superstructure of Prestressed Concrete Bridges in Missour
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Superstructure/Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.229 1.606 2.01 2.425 2.003 

the scale parameter θ 7.919 11.54 13.94 15.4 13.67 

Mean E(x)= 7.40 10.34 12.35 13.65 12.11 

Variance V(x)= 36.70 43.51 41.32 36.05 39.99 

Standard Deviation Std 6.06 6.60 6.43 6.00 6.32 

Median (Weibull) 
 

5.88 9.19 11.62 13.24 11.38 
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Substructure\Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.354 1.806 2.694 2.645 2.376 

the scale parameter θ 8.565 12.63 16.06 16.55 15.42 

Mean E(x)= 7.85 11.23 14.28 14.71 13.67 

Variance V(x)= 34.35 41.43 32.67 35.81 37.46 

Standard Deviation Std 5.86 6.44 5.72 5.98 6.12 

Median (Weibull) 
 

6.53 10.31 14.02 14.41 13.22 
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Substructure\PS Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.479 1.394 1.743 2.077 2.078 

the scale parameter θ 4.024 6.492 10.93 13.46 13.43 

Mean E(x)= 3.64 5.92 9.74 11.92 11.90 

Variance V(x)= 6.27 18.51 33.21 36.29 36.10 

Standard Deviation Std 2.50 4.30 5.76 6.02 6.01 

Median (Weibull) 
 

3.14 4.99 8.86 11.28 11.26 

 

Weibull Distribution for Substructure of Prestressed Concrete Bridges in Missouri
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Weibull Distribution for Substructure of Prestressed Concrete Bridges in Missouri
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Substructure\Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.284 1.673 2.104 2.236 1.75 

the scale parameter θ 7.221 11.49 13.69 14.87 11.84 

Mean E(x)= 6.69 10.26 12.12 13.17 10.54 

Variance V(x)= 27.54 39.76 36.67 38.79 38.67 

Standard Deviation Std 5.25 6.31 6.06 6.23 6.22 

Median (Weibull) 
 

5.43 9.23 11.50 12.62 9.60 

 

Weibull Distribution for Substructure of Steel Bridges in Missouri
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Weibull Distribution for Substructure of Steel Bridges in Missouri
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INDIANA 

Decks\Concrete  

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.491 1.603 1.751 2.075 1.56 

the scale parameter θ 6.799 8.645 10.64 12.05 8.381 

Mean E(x)= 6.14 7.75 9.48 10.67 7.53 

Variance V(x)= 17.59 24.51 31.20 29.13 24.34 

Standard Deviation Std 4.19 4.95 5.59 5.40 4.93 

 

 

Weibull Distribution for Deck of Concrete Bridges in Indiana
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Weibull Distribution for Deck of Concrete Bridges in Indiana
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Decks\ Prestressed-concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.555 1.595 1.72 2.115 1.703 

the scale parameter θ 4.986 6.893 9.738 12.52 9.15 

Mean E(x)= 4.48 6.18 8.68 11.09 8.16 

Variance V(x)= 8.67 15.74 27.05 30.38 24.35 

Standard Deviation Std 2.94 3.97 5.20 5.51 4.93 

 

Weibull Distribution for Deck of Prestressed Concrete Bridges in Indiana
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Weibull Distribution for Deck of Prestressed Concrete Bridges in Indiana
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Decks\Steel  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.471 1.527 1.626 2.107 1.75 

the scale parameter θ 6.39 7.741 9.417 11.89 7.918 

Mean E(x)= 5.78 6.97 8.43 10.53 7.05 

Variance V(x)= 15.98 21.69 28.26 27.59 17.30 

Standard Deviation Std 4.00 4.66 5.32 5.25 4.16 

 

Weibull Distribution for Deckof Steel Bridges in Indiana
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Weibull Distribution for Deck of Steel Bridges in Indiana
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Superstructures/Concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.568 1.671 1.616 2.181 1.849 

the scale parameter θ 8.932 9.731 10.33 12.9 10.71 

Mean E(x)= 8.02 8.69 9.25 11.42 9.51 

Variance V(x)= 27.36 28.59 34.43 30.52 28.49 

Standard Deviation Std 5.23 5.35 5.87 5.52 5.34 

Median (Weibull) 
 

7.07 7.81 8.23 10.90 8.78 

 

Weibull Distribution for Concrete Bridges in Oregon
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Superstructures/Prestressed-concrete  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.442 1.503 1.67 1.917 2.327 

the scale parameter θ 5.448 6.88 8.9 11.36 14.18 

Mean E(x)= 4.94 6.21 7.95 10.08 12.56 

Variance V(x)= 12.12 17.71 23.94 29.95 32.87 

Standard Deviation Std 3.48 4.21 4.89 5.47 5.73 

Median (Weibull) 
 

4.23 5.39 7.15 9.38 12.11 

 

Weibull Distribution for Prestressed Concrete Bridges in Indiana
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Superstructures/Steel  

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.613 1.516 1.634 2.646 1.956 

the scale parameter θ 7.973 9.019 10.34 14.82 10.16 

Mean E(x)= 7.14 8.13 9.25 13.17 9.01 

Variance V(x)= 20.59 29.89 33.74 28.69 23.08 

Standard Deviation Std 4.54 5.47 5.81 5.36 4.80 

Median (Weibull) 
 

6.35 7.08 8.26 12.90 8.42 

 

Weibull Distribution for Steel Bridges in Indiana
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Substructures/ Concrete 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.562 1.694 1.753 2.631 2.188 

the scale parameter θ 8.77 10.32 11.53 15.16 12.5 

Mean E(x)= 7.88 9.21 10.27 13.47 11.07 

Variance V(x)= 26.58 31.30 36.55 30.32 28.49 

Standard Deviation Std 5.16 5.59 6.05 5.51 5.34 

 

Weibull Distribution for Substructure of Concrete Bridges in Indiana
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Weibull Distribution for Substructure of Concrete Bridges in Indiana
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Substructures/ PS Concrete 

 

 
 

CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.547 1.65 1.747 2.22 2.243 

the scale parameter θ 6.697 8.491 10.6 13.68 12.9 

Mean E(x)= 6.02 7.59 9.44 12.12 11.43 

Variance V(x)= 15.81 22.32 31.10 33.25 29.03 

Standard Deviation Std 3.98 4.72 5.58 5.77 5.39 

 

Weibull Distribution for Substructure of Prestressed Concrete Bridges in Indiana
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Weibull Distribution for Substructure of Prestressed Concrete Bridges in Indiana
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Substructures/ Steel 

 

  
CR=4 CR=5 CR=6 CR=7 CR=8 

the shape parameter β 1.525 1.646 1.666 2.687 2.024 

the scale parameter θ 8.323 9.945 10.47 15.25 10.79 

Mean E(x)= 7.50 8.89 9.36 13.56 9.56 

Variance V(x)= 25.15 30.76 33.29 29.59 24.44 

Standard Deviation Std 5.01 5.55 5.77 5.44 4.94 

 

Weibull Distribution for Substructure of Steel Bridges in Indiana

Time (years)

0 5 10 15 20 25

D
e
n
si

ty

0.00

0.05

0.10

0.15

0.20

CR4 

CR5 

CR6 

CR7 

CR8 

 

 

Weibull Distribution for Substructure of Steel Bridges in Indiana
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MATLAB Codes for Trimming Database  

 

for i=1:4062 % number of rows in data matrix 
C=A(i,1); % condition rating 
v=find (A(i,:)==C);  

temp = find ( ([(v(2:end) - v(1:end-1))==1 0])==0 
t=[temp(1) diff(temp)]; 
b=t(1); 

  
D=A(i,20); % condition rating 
m=find (A(i,:)==D);  

temp1 = find ( ([(m(2:end) - m(1:end-1))==1 0])==0); 
t1=[temp1(1) diff(temp1)]; 
e=t1(length(t1)); 

  
if b<=5 
for j=1:b 
    A(i,j)=99; 
end 
else 
    ac=1; 

     
end 

  
if e<=5 
for j=20:-1:21-e 
    A(i,j)=999; 
end 
else 
    ab=1; 

     
end 
end 
A 
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Appendix C 

Oregon Prestressed Concrete Bridges Attributes Summary 
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Bridge/Deck /Spalling 

 

Bridge/Deck /Rutting 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low Remote 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 S

co
re

 

Source of data 

C.9 and C.12 Cracking/Spalling Condition 

#358 CS4 

Or  

#359 CS4 or CS5 

#358 CS3 

Or  

#359 CS 3 

#358 CS2 

Or  

#359 CS2 

#358 CS1 

Or  

#359 CS1 
 

M 15 

#358 Deck Cracking Smart Flag #359 

Soffit Cracking Smart Flag 

 (Oregon Coding Guide Pages 79 and 

80) 

C.10 and C.11 Delamination/Patch Condition 
>25% 

CS4 or CS5 

11%-24% 

CS3 

<10% 

CS2 
CS1 

 
H 20 

Concrete Decks and Slabs without an 

Overlay : #12 - #26 -#27 -#38 -#52 -

#53  

Concrete Decks or Slabs with a Thin 

or Rigid Overlay: #18 - #22- #44 - 

#48.  

L.1 ADTT Loading >5000 501-4999 <500 
  

M 15 Item 29 NBI 

L.3 (Exposure 

Environment) 
Location /Environment Loading 

Coastal and 

Mountain 

Valley (general 

environment) 
Desert 

  
H 20 Bridge File  

D.6 (Year Built) Age Design >50 years 10-49 years <10 years 
  

H 20 Item 27 NBI (Year Built) 

L.2 Dynamic Loading Loading >40 mph +CS 3 

<40mph + CS2 

or CS 3 + 

<40mph 

CS2 + 

<40mph 
CS1 

 
H 20 

# 325  (Oregon Coding Guide Page 

22) 

C.21 and C.13 Rebar Corrosion Condition 
Rust/Black/Low 

Cover  

No stains, 

Epoxy/high 

cover 
  

H 20 
Concrete Elements(Oregon Coding 

Guide Page 38-41) 

L.5 De-icing Loading 

High (Regions 

like Portland, 

Bend, Salem, La 

Grand ) 

 

Low (All 

Other 

Regions) 
  

M 15 
Items 3, 4, and 5 NBI, or 

Geographical map 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low Remote 
S

cr
ee

n
in

g
 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.1 ADT Loading 
>15000 

vpd  

1000-

14999 vpd 
<1000vpd 

 
H 20 Item 29 NBI 

D.10 
Wearing 

Surface Type 
Design - AC 

Bare 

Concrete/S

TR 

overlay/Ep

oxy 

Open Grid 
 

M 15 

Item 108A NBI 

(Also page 120 

Oregon Coding 

Guide) 

L.3 
(potential to be 

exposed to high ADT 

with studded tires) 

Location Loading - 

I-5 highway 

Portland to 

Salem and I-84 

Portland 

All other  

locations 
- 

 
H 20 

Items 3, 4, and 5 

NBI, or 

Geographical map 

C.2 

Current 

Condition 

(amount of 

rutting) 

Condition 
  

Present 

(>0.5") 

None 

(<0.5")  

4 H 

& 

4 M 

(M) 

15 
(Oregon Coding 

Guide Page 22 & 23) 
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Bridge/Deck / Cracking (Non corrosion induced) 

 

 

Bridge/Superstructure/Cracking (Shear) 

 

 

 

 

 

 

 

 

Similar items 

in NCHRP 12-

82 
A

tt
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b
u
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T
y

p
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o
f 

A
tt

ri
b

u
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s 

High Medium Low Remote 

S
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o
f 

S
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y
 

M
a

x
 

S
co

re
 

Source of data 

C.9 Cracking Condition 

Unsealed cracks 

exist in the deck 

that are of severe 

size (>0.060 in. 

wide) and/or 

density (<3’ apart) 

Unsealed 

cracks exist 

in the deck 

that are of 

moderate 

size (0.025 

to 0.060 in. 

wide) and 

density (3’ 

to 10’ 

apart). 

Unsealed cracks 

exist in the deck 

that are of 

moderate size 

(0.025 to 0.060 

in. wide) or 

density (3’ to 10’ 

apart). 

The surface of the 

deck is cracked, 

but the cracks are 

either filled/sealed 

or insignificant in 

size and density to 

warrant repair 

activities. 

 
H 20 

#358 Deck 

Cracking Smart 

Flag (Oregon 

Coding Guide Page 

79) 

D.18 Skew Design >30 
o
 

 
<30 

o
 

  
M 15 Item 34 NBI 

L.1 ADTT Loading >5000 501-4999 <500 
  

H 20 Item 109 NBI 

D.19 Thickness Design <7" 
 

>7" 
  

H 20 Bridge File 

L.2 

Profile/Dy

namic 

Loading 

Loading 
>40 mph + 

CS 3 

<40mph + 

CS2 or 

CS 3 + 

<40mph 

CS2 

+ <40mph 
CS1 

 
H 20 

Item 325  (Oregon 

Coding Guide Page 

22) 

S.10 Span Type Screening 
    

Continuous or Non Continuous 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
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o
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A
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u
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Mediu
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Low Remote 

S
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D
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o
f 

S
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it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.4 Overload Loading 

If it has already 

posted for less than 

legal load or exposed 

to overload 

  
Other 

 
H 20 

Item 41 NBI 

(See also Oregon Coding 

Guide on page 95 ) 

D.18 Skew Design 
 

>30 <30 
  

L 10 Item 34 NBI 

D.6 (Year of 

Construction) 
Age Design 

 
<2000 >2000 

  
L 10 Item 27 NBI (Year Built) 

S.10 AASHTO Screening 

AASHTO 

requirements was not  

considered in design 
  

AASHTO 

requiremen

ts was 

considered 

in design 
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Bridge/Superstructure/ Strand Corrosion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low Remote 

S
cr

ee
n

in
g

 

D
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re
e 

o
f 

S
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er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.3 (Exposure 

Environment) 
ENV Loading 

Coastal 

and 

Mountain 

Valley 

(general 

environment) 

Desert 
  

H 20 Geographical Map 

C.8  (Corrosion 

Induced Cracking) 

Existing 

Damage 
Condition CS4 CS3 CS2 CS1 

 
H 20 

Prestressed/Post Tensioned 

Concrete Elements 

 (Oregon Coding Guide Page 40) 

C.1  
Current 

Condition 
Condition 5 and less 6 

7 or 

greater 
  H 20 

item 59 NBI  

(See also page 42 and 104 

Oregon Coding Guide)  

D.11 (Minimum 

Concrete Cover) 
Cover Design 

1.5 " or 

Less, 

Unknown 

between 1.5 " 

and 2.5 " 

Greater 

than or 

equal 2.5" 

  H 20 Bridge File 

D.12 (Reinforcement 

Type) 
Strand Type Design Uncoated   

Epoxy 

coated 
 L 10 Bridge File 

D.20 and S.10 Bad End Detail Design 

has Strand 

Exposure 

to outside 

environme

nt 

Unknown 

Do not 

have 

Exposure 

to outside 

environme

nt 

  L 10 Bridge File 
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Bridge/Superstructure/Fire Damage 

Reason(s) for Attribute 

 Incidences of fire on or below a highway bridge are not uncommon.  This type of damage is most 

frequently caused by vehicular accidents that result in fire, but secondary causes such as vandalism, 

terrorism, or other damage initiators should not be discounted.  If fire does occur on or below a bridge, an 

appropriate follow-up assessment should be conducted to determine how the fire has affected the load 

carrying capacity and the durability characteristics of the main structural members and the deck.  This 

assessment is typically performed during a damage inspection immediately following the incident.  

Damage to bridge components resulting from a fire is either immediately apparent during the damage 

inspection, or may manifest within the first 12 to 24 month interval following the fire.  Based on this 

observation, bridges that have experienced a fire may be screened from the reliability assessment until an 

inspection, which has been conducted approximately 12 months or more after the fire, confirms that the fire 

has not affected the typical durability characteristics of the bridge components.  The purpose of this 

screening is to ensure that damage from the fire has not manifested after the damage inspection.  

Assessment Procedure 

This attribute is scored based only on the occurrence of a fire on or below the structure being assessed.  It is 

assumed that an appropriate assessment immediately following the fire incident (i.e. damage inspection) 

has been performed.   

 

 

 

 

 

 

 

 

 

Fire incident has occurred and an inspection 12 

months after the fire has not occurred 

Bridge is not eligible for reliability assessment until 

inspection confirms that the bridge is undamaged 

There have been no incidence of fire on or below 

the bridge, or inspections conducted approximately 

12 months or more an after the fire have confirmed 

that the bridge is undamaged 

Continue with procedure 
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Bridge/Superstructure/Impact 

 

 

Bridge/Superstructure/ Rebar Corrosion within the Span 

 

 

 

 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
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p
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o
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A
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S
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D
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o
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S
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M
a

x
 

S
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re
 

Source of data 

D.3 Clearance Design <15' 15-16 >17' 
  

L 10 
Item 10  NBI  (Minimum 

vertical under clearance) 

S.11 High Water Screening  
   

Look at item 71 

in NBI database- 

if the code is 3 the 

chance of over 

top is occasional 

  

item 71 in NBI database 

(See also page 117 Oregon 

Coding Guide) 
 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low Remote 

S
cr

e
en

in
g

 

D
eg

re
e 

o
f 

S
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er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.3 (Exposure 

Environment) 
ENV Loading 

Coastal and 

Mountain 

Valley 

(general 

environme

nt) 

Desert 
  

H 20 
Items 3, 4, and 5 NBI, or 

Geographical map 

C.6 and C.21 

Previously Impacted 

Active Corrosion 

Existing 

Damage 
Condition 

#362CS2 
Prestressed/P

ost Tensioned 

Concrete 

Elements 

CS4 

Prestressed

/Post 

Tensioned 

Concrete 

Elements 

CS3 

#362 CS1 
Prestressed

/Post 

Tensioned 

Concrete 

Elements 

CS2 

Prestressed

/Post 

Tensioned 

Concrete 

Elements 

CS1 

CS3 H 20 

#362-Traffic Impact 

Smart Flag 

(page 83 Oregon Coding 

Guide) 

Prestressed/Post Tensioned 

Concrete Elements 

 (Oregon Coding Guide Page 

40) 

D.11 (Minimum 

Concrete Cover) 
Cover Design 

1.5" or Less, 

Unknown 

between 

1.5 " and 

2.5 " 

Greater 

than or 

equal 2.5" 
  

H 20 
Bridge File or Cover 

meter 

D.12 (Reinforcement 

Type) 
Strand Type Design Uncoated 

  

Epoxy 

Coated  
H 20 Bridge File 
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Bridge/Superstructure/ Bearing Seat Problem/s 

 

 

Bridge/ Substructure/ Settlement 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
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b

u
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T
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p
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o
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te

s 

High Medium Low Remote 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

C.21 Corrosion Condition CS4 CS3 CS2 CS1 
 

H 20 

Prestressed/Post Tensioned 

Concrete Elements 

 (Oregon Coding Guide 

Page 40) 

D.18 Skew Design >30 
o
 

 
<30

 o
 

  
L 10 Item 34 NBI 

C.22 Debris Condition - 

Flood region 

Debris 

INS.RPT 

Not 

Susceptible   
L 10 

Item 113 NBI 

(See also Oregon Coding 

Guide on page 121 ) 

L.4 Overload Loading 

If it has already 

posted for less 

than legal load 

or exposed to 

overload 

 other 
  

L 10 

Item 41 NBI 

(See also Oregon Coding 

Guide on page 95 ) 

S.10 Design Details Design Simple Support 
Continuous 

Support 

Integral 

Abutments   
M 15 Bridge File 

C.4 Failed Joints Condition CS3 CS2 CS1 
Joint 

less  
H 20 

Deck Joints - Oregon 

Coding guide Page 54 -60 

C.2 Exist Damage Condition CS3 CS2 CS1  
 

H 20 

Bridge bearing Elements -

Oregon Coding guide 

Page 61-66 

 

Similar 

items in 

NCHRP 

12-82 A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 
Remo

te 
S

cr
ee

n
in

g
 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

D.21 
Footing 

Type 
Design 

Spread FTG on 

soil/unknown 

Foundation 

- 

Drill Shaft 

friction Pile 

/ETC 

 

if foundation was based on 

Rock/Piles we do not need 

to deal with other 

following attributes 

H 20 Bridge File 

D.22 
Subsurface 

Condition 
Condition 

Slide zone, clay, 

silt, shale, Gravel 
Limestone solid, Rock  

 
H 20 Bridge File 

C.3 
Existing 

Settlement 
Condition 

Active (No 

monitor Data) 

Occurred 

but arrested 
None  

 
H 20 

Item #360 on 

page 81 Oregon 

Coding guide 

S.10 
Scour 

Rating 
Screening 

4--6 (Oregon 

Scour Code) 
- >7  <3 

 
 

Item 113 NBI 

See also 

Oregon Coding 

Guide on page 

124 ) 
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Bridge/Substructure/ Corrosion damages (Spalling/Delamination/Cracking/Rust)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low Remote 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.3 (Exposure 

Environment) 
ENV Loading 

Coastal 

and 

Mountain 

Valley 

(general 

environment) 

Desert 
  

H 20 Geographical Map 

C.8  (Corrosion 

Induced Cracking) 
Existing Damage Condition CS4 CS3 CS2 CS1 

 
H 20 

Prestressed/Post Tensioned 

Concrete Elements 

 (Oregon Coding Guide Page 40) 

C.1  Current Condition Condition 5 and less 6 
7 or 

greater 
  H 20 

item 59 NBI  

(See also page 42 and 104 

Oregon Coding Guide)  

D.11 (Minimum 

Concrete Cover) 
Cover Design 

1.5 " or 

Less, 

Unknown 

between 1.5 " 

and 2.5 " 

Greater 

than or 

equal 2.5" 

  H 20 Bridge File 

D.12 (Reinforcement 

Type) 
Rebar Type Design Uncoated   

Epoxy 

coated 
 L 10 Bridge File 

C.4 Failed Joints Condition CS3 CS2 CS1 
Joint 

less 
 H 20 

Deck Joints - Oregon Coding 

guide Page 54 -60 

L.5 De-icing Loading 

High 

(Regions 

like 

Portland, 

Bend, 

Salem, La 

Grand ) 

 

Low (All 

Other 

Regions) 

  M 15 
Items 3, 4, and 5 NBI, or 

Geographical map 
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Appendix C 

Texas Steel Bridge Attributes Summary  
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Bridge/Deck /Spalling 

 

 

Bridge/Deck /Punch Thru 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 

R
em

o
te

 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

D.11 Clear Cover Design <1" 1"-2" >2"   H 20 Bridge file or Covermeter 

D.10 Overlay Design Yes  No   L 10 
Item 108A NBI (See also pages 9 

and 10 Texas Coding Guide) 

C.10 Delamination Condition Yes  No   H 20 
Pages 5 and 8 Texas Coding 

Guide 

D.8 
Mixed design 

(Water) 
Design 

Poor Mix/Poor 

H2O 
 All Else   M 15 Bridge file 

L.1 ADTT Loading >5000  <5000   L 10 Item 29 & 109 NBI 

D.20 Thickness Design <7" 7"-8" >8"   M 15 Bridge file 

D.19 Cold Joints Design Yes  No   M 15 Bridge file (or observation) 

C.9 
Cracking (map 

dense) 
Condition Yes  No   M 15 

Pages 30, and 31 Texas Coding 

Guide 

L.3 Environment Loading Above I-20  All Else   H 20 Bridge file 

D.6 
Age Years of 

Services 
Condition 50+  Other   M 15 Item 27 NBI (Year built) 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 

R
em

o
te

 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

D.20 Thickness Design <7" 7"-8" >8"   H 20 Bridge file 

C.9 Map Cracking Condition Yes  No   H 20 
Pages 30Texas Coding 

Guide (Deck Cracking) 

C.10 and C.12 
Delamination / 

spall to rebar 

Condition or 

Screening if 

more than 

10% 

Delamination 

and spalling 

>6% 

Delamination 

and spalling 

2%-5% 

Delamination 

and spalling 

<1% 

  M 15 
Pages 5 and 8 Texas 

Coding Guide 

D.8 
Poor Concrete Mix 

(Poor Water) 
Screening      M 15 Bridge file 

L.1 ADTT Loading >5000  <5000   H 20 Item 29 NBI 

L.3 Environment Loading Above I-20  All Else   L 10 
Bridge file (PONTIS 

report) 

 
Previous Punch 

outs /rep 

Screening/Yes 

or No 
       

Pages 5 and 8 Texas 

Coding Guide 

 



172 

Bridge/Deck /Cracking 

 

 

Bridge/Deck /Delamination 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 

R
em

o
te

 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

C.9 Existing Cracking Condition Yes  No   H 20 
Pages 30Texas Coding Guide 

(Deck Cracking) 

D.20 
Construction 

Tech/Spec 
Design Bad  All Other   M 15 Bridge file 

L.3 Environment Loading Above I-20  All Else   H 20 Bridge file  

D.18 and D.19 
Design Details 

(Cold Joints, Skew) 
Design Yes  None   H 20 Bridge file 

D.11 Cover Design <1" 1"-2" >2"   H 20 Bridge file or Covermeter 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 

R
em

o
te

 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

D.11 Clear Cover Design <1" 1"-2" >2"   H 20 Bridge file or Covermeter 

D.10 Overlay Design Yes  No   L 10 
Item 108A NBI (See also pages 9, 

and 10 Texas Coding Guide) 

C.12 Spalling Condition >6% 2%-5% <1%   H 20 
Pages 5, and 8 Texas Coding 

Guide 

C.10 Delamination Condition Yes  No  

If 

more 

than 

10% 

H 20 
Pages 5, and 8 Texas Coding 

Guide 

D.8 
Mixed design 

(Water) 
Design 

Poor Mix/Poor 

H2O 
 All Else   M 15 Bridge file 

L.1 ADTT Loading >5000  <5000   L 10 Item 29 NBI 

D.20 Thickness Design <7" 7"-8" >8"   M 15 Bridge file 

D.19 Cold Joints Design Yes  No   M 15 Bridge file or Observation 

C.9 
Cracking (map 

dense) 
Condition Yes  No   M 15 

Pages 30Texas Coding Guide 

(Deck Cracking) 

L.3 Environment Loading Above I-20  All Else   H 20 Bridge file  

C.23 
Age Years of 

Services 
Condition 50+  Other   M 15 Item 27 NBI (Year built) 
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Bridge/Superstructures/ Section less 

 

 

 

Bridge/Superstructures /Impact 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt
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b

u
te

s 

High Medium Low 

R
em

o
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S
cr
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n
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g

 

D
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o
f 

S
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y
 

M
a

x
 

S
co
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Source of data 

L.3 Environment Loading Coast North of I-20 All Else   H 20 Bridge file  

C.23 
Existing Section 

Loss 
Condition Yes  No   H 20 

Pages 10, 11,and 15 Texas Coding 

Guide 

D.18 

Deck Drainage 

onto 

Superstructure 

Design Yes  No   L 10 Bridge file 

C.22 Debris Condition Yes  No   L 10 
Pages 23, 25,30 Texas Coding 

Guide 

(Pack Rust) 

C.4 Joint Leakage Condition Yes  No   L 10 
Pages 23,and 24 Texas Coding 

Guide 

D.13 Built-Up Riveted Design Yes  No   H 20 Bridge file 

D.19 Deck Cold Joints Design Yes  No   M 15 Bridge file or Observation 

D.6 Age Exposure Design 50+  Other   L 10 Item 27 NBI (Year built) 

C.21 Corrosion Condition 

CR 3 or 

Greater/No 

Coating  or 

Weather Steel 

 Else   L 10 
Pages 10, 11,and 15 Texas Coding 

Guide 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 

R
em

o
te

 

S
cr

ee
n

in
g

 

D
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re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

C.6 Existing Impacts Condition Yes  No   H 20 
Pages 33,and 34 Texas Coding 

Guide 

D.3 
Codes For Under 

clear (Vehicle) 
Design <=15'-6" 17'-6"<H<=15'-6" 

17'-6"< 

Or No 

Highway under 

the bridge 

  H 20 
Item 54B NBI  

(Minimum Vertical Under 

clearance) 
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Bridge/Superstructures /Fatigue Cracking 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
te

s 

High Medium Low 
Remo

te 

S
cr

ee
n

in
g

 

D
eg

re
e 

o
f 

S
ev

er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

D.17 Detail Category Design E0 or E' 
D or 

Unknown 

"C" or 

Better 
  M 15 Bridge file or Observation 

C.18 

History of 

Previous 

Cracking that 

was repaired 

Condition Yes  No   M 15 
Pages 30 Texas Coding Guide 

(Steel Fatigue) 

D.6 Year built Design 
Before 1975 or 

Unknown 
1976-1984 

After 

1985 
  H 20 Item 27 NBI (Year Built) 

D.18 Skew Angle Design >30  <30   L 10 Item 34 NBI 

L.1 ADTT Loading >5000  <5000   H 20 Item 29 NBI 

S.7, C.19, and 

C.20 

Active or 

unmitigated 

cracking due to 

any cause 

Screening  

Repair Must 

be shown to 

be working 

     
Pages 30 Texas Coding Guide 

Or Observation 
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Bridge/Superstructure/Fire Damage 

Reason(s) for Attribute 

 Incidences of fire on or below a highway bridge are not uncommon.  This type of damage is most 

frequently caused by vehicular accidents that result in fire, but secondary causes such as vandalism, 

terrorism, or other damage initiators should not be discounted.  If fire does occur on or below a bridge, an 

appropriate follow-up assessment should be conducted to determine how the fire has affected the load 

carrying capacity and the durability characteristics of the main structural members and the deck.  This 

assessment is typically performed during a damage inspection immediately following the incident.  

Damage to bridge components resulting from a fire is either immediately apparent during the damage 

inspection, or may manifest within the first 12 to 24 month interval following the fire.  Based on this 

observation, bridges that have experienced a fire may be screened from the reliability assessment until an 

inspection, which has been conducted approximately 12 months or more after the fire, confirms that the fire 

has not affected the typical durability characteristics of the bridge components.  The purpose of this 

screening is to ensure that damage from the fire has not manifested after the damage inspection.  

Assessment Procedure 

This attribute is scored based only on the occurrence of a fire on or below the structure being assessed.  It is 

assumed that an appropriate assessment immediately following the fire incident (i.e. damage inspection) 

has been performed.   

 

 

 

 

 

 

 

 

 

 

 

Fire incident has occurred and an inspection 12 

months after the fire has not occurred 

Bridge is not eligible for reliability assessment until 

inspection confirms that the bridge is undamaged 

There have been no incidence of fire on or below 

the bridge, or inspections conducted approximately 

12 months or more an after the fire have confirmed 

that the bridge is undamaged 

Continue with procedure 
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Bridge/Superstructure/ Deflection Overload 

 

 

*Overload damages manifest itself in forms of settlement, rotation, and cracks. 

 

 

Bridge/Substructure/ Corrosion damages (Spalling/Delamination/Cracking/Rust) 

 

 

 

 

 

 

 

 

Similar items in 

NCHRP 12-82 

A
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b

u
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s 

T
y

p
e 

o
f 

A
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u
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S
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e
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D
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o
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S
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y
 

M
a

x
 

S
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Source of data 

L.8 Load Posting Condition Cond Posting Des Post None   H 20 Item 41 NBI 

C.23 

Previous* 

Overload 

Damage 

Condition Yes  No   H 20 Bridge file 

*C.24 
Highway 

Ownership 
Condition Local  State   M 15 Item 22 NBI 

 

Similar items in 

NCHRP 12-82 

A
tt

ri
b

u
te

s 

T
y

p
e 

o
f 

A
tt

ri
b

u
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s 

High Medium Low Remote 

S
cr

ee
n
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g

 

D
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re
e 

o
f 

S
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er
it

y
 

M
a

x
 

S
co

re
 

Source of data 

L.3  ENV Loading Above I-20 
 

All else 
  

H 20 Geographical Map 

C.8  (Corrosion 

Induced Cracking) 

Existing 

Damage 
Condition CS4 CS3 CS2 CS1 CS4 H 20 (Texas Coding Guide Page 16-20) 

C.1  
Current 

Condition 
Condition 5 or less 6 7 or greater   H 20 item 60 NBI  

D.11  Cover Design 

1.5 " or 

Less, 

Unknown 

between 

1.5 " and 

2.5 " 

Greater 

than or 

equal 2.5" 

  H 20 Bridge File 

D.12  Rebar Type Design Uncoated   
Epoxy 

coated 
 L 10 Bridge File 

C.4 Joints Condition Condition 5 or less 6 7 or greater 
Joint 

less 
 H 20 

Joints Condition – item 58 NBI  

details in bridge file or items 

#300 to #304 –Texas Coding 

Guide pages 23-24 
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Bridge/Substructure/ Settlement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar 

items in 

NCHRP 

12-82 A
tt

ri
b

u
te

s 

T
y

p
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o
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A
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u
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R
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D
eg

re
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o
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S
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M
a
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S
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Source of data 

D.21 
Footing 

Type 
Design 

Spread FTG on 

soil/unknown 

Foundation 

- 

Drill Shaft 

friction Pile 

/ETC 

 

if foundation was based on 

Rock/Piles we do not need 

to deal with other 

following attributes 

H 20 Bridge File 

C.22 
Subsurface 

Condition 
Condition 

Slide zone, clay, 

silt, shale, Gravel 
Limestone solid, Rock  

 
H 20 Bridge File 

C.3 
Existing 

Settlement 
Condition 

Active (No 

monitor Data) 

Occurred 

but arrested 
None  

 
H 20 

Item #405 

Texas Coding 

guide on page 

31 

S.10 
Scour 

Rating 
Screening 4-6  - 

>7 

Or 

“N” 

 <3 
 

 

Item 113 NBI 

(See  also item 

#407 on Texas 

Coding Guide 

on page 32 ) 
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Appendix D 

Sample Bridges in Oregon      

(Inspection Intervals were based on scenario no.4) 
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Bridge ID: 08896 

Year Built 1963 

 

No. of spans 5 

Bridge length (ft.) 332 

Max. span Length (ft.) 76 

Superstructure PS 

ADT 2700 

ADTT 34% 

No. of lanes 2 

Location Sherman county 

Environment Desert/ all other region 

Deck CR (2013) 6 

Superstructure CR (2013) 8 

Substructure CR (2013) 7 

Facility Under Water 

Clearance - 

Scour Rating Scour Critical 

Skew 0 

Controlling Damage 

Modes 

Deck Cracking 

List of repairs: Rail retrofit (2004), Wear course overlay(2005), Deck rehab (2011) 

 

Bridge ID: 9546 

Year Built 1967 

 

No. of spans 11 

Bridge length (ft.) 1116.30 

Max. span Length (ft.) 109.5 

Superstructure Continuous PS Con 

ADT 7600 

ADTT 16% 

No. of lanes On:2/ Under:2 

Location Clatsop County 

Environment Coastal/all other 

58 (2013) 6 

Superstructure CR (2013) 6 

Substructure CR (2013) 6 

Facility Under Highway / Waterway 

Clearance - 

Scour Rating Unknown 

Skew 0 

Controlling Damage 

Modes: 

strand corrosion, 

rebar corrosion 

within the span 

List of repairs: Grind & pave approaches (2012) 
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Bridge ID: 16454 

Year Built 1987 

 

No. of spans 3 

Bridge length (ft.) 222 

Max. span Length (ft.) 110 

Superstructure PS Concrete 

ADT 5100 

ADTT 26% 

No. of lanes On:2/ under: 2 

Location Umatilla County 

Environment Valley/ all other 

Deck CR (2012) 6 

Superstructure CR (2012) 5 

Substructure CR (2012) 5 

Facility Under Highway 

Clearance 18.Deck CR 

Scour Rating Not Applicable 

Skew 37 degrees 

Controlling Damage 

Modes: 

Strand corrosion, rebar 

corrosion within the span 

List of repairs: Epoxy inject girders; replace joint filler; install gabions to hold fill (2007) 

 

  

Bridge ID:17451 

Year Built 1996 

 

No. of spans 3 

Bridge length (ft.) 271 

Max. span Length (ft.) 91 

Superstructure Continuous PS Con 

ADT 9900 

ADTT 7% 

No. of lanes 2 

Location Yamhill county 

Environment Valley / all other 

Deck CR (2013) 5 

Superstructure CR (2013) 7 

Substructure CR (2013) 7 

Facility Under Water 

Clearance - 

Scour Rating 8 (good) 

Skew 0 

Controlling Damage 

Modes: 

Deck Spalling 

List of repairs: None 
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Bridge ID: 07801A 

Year Built 1973 

 

No. of spans 2 

Bridge length (ft.) 350 

Max. span Length (ft.) 145 

Superstructure Continuous PS Con 

ADT 8079 

ADTT 5% 

No. Lanes On:2/Under: 6 

Location Marion County 

Environment Valley/all other 

Deck CR (2011) 7 

Superstructure CR (2011) 5 

Substructure CR (2011) 6 

Facility Under Highway 

Clearance 17.42 

Scour Rating Not Applicable 

Skew 35 degrees 

Controlling Damage Modes: 

Strand corrosion, rebar 

corrosion within the 

span, and shear cracking 

List of repairs: Bridge screen (2003) 

 

Bridge ID: 19738 

Year Built 2006 

 

No. of spans 4 

Bridge length (ft.) 951.44 

Max. span Length (ft.) 272.31 

Superstructure Continuous PS Con 

ADT 39000 

ADTT 17% 

No. of lanes On:2 

Location Douglas County 

Environment Valley/ all other 

Deck CR (2013) 7 

Superstructure CR (2013) 6 

Substructure CR (2013) 6 

Facility Under Rail road, waterway 

Clearance(ft.) 23 

Scour Rating 5(stable) 

Skew 0 

Controlling Damage 

Modes: 

Spalling, Rutting, Strand 

corrosion, rebar corrosion 

within the span, Settlement 

List of repairs: None (Several areas of deck were core drilled during construction.  All of the holes have been repaired.) 
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Bridge ID: 9915 

Year Built 1970 

 

No. of spans 2 

Bridge length (ft.) 262 

Max. span Length (ft.) 109 

Superstructure Continuous PS Con 

ADT 6868 

ADTT 17% 

No. of lanes on: 2 / under: 4 

Location Washington County 

Environment Valley/ all other 

Deck CR (2012) 7 

Superstructure CR (2012) 6 

Substructure CR (2012) 7 

Facility Under Highway 

Clearance(ft.) 17.25 

Scour Rating Not applicable 

Skew 14 degrees 

Controlling Damage Modes: 

Strand  

Corrosion/Rebar 

Corrosion within the 

Span 

None. (Small spalls on sider of Girder 1 over the WB lanes.) 

 

 

Bridge ID: 8994 

Year Built 1962 

 

No. of spans 3 

Bridge length (ft.) 151 

Max. span Length (ft.) 64 

Superstructure PS Concrete 

ADT 780 

ADTT 17% 

No. of lanes on: 2 / under: 0 

Location Wasco County 

Environment Valley/ all other 

Deck CR (2012) 7 

Superstructure CR (2012) 7 

Substructure CR (2012) 7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating unknown 

Skew 5 degrees 

Controlling Damage Modes: 
Rebar Corrosion 

within the Span 

Waterproof membrane (2001) 
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Bridge ID: 01741B 

Year Built 1962 

 

No. of spans 2 

Bridge length (ft.) 143 

Max. span Length (ft.) 95 

Superstructure PS Concrete 

ADT 5000 

ADTT 10% 

No. of lanes on: 2 / under: 0 

Location Lane County 

Environment Costal / all other 

Deck CR (2011) 7 

Superstructure CR 

(2011) 
6 

Substructure CR (2011) 6 

Facility Under Water 

Clearance(ft.) - 

Scour Rating 9(Stable) 

Skew 0 

Controlling Damage 

Modes: 
Strand Corrosion 

None 

 

 

Bridge ID: 18175 

Year Built 1999 

 

No. of spans 14 

Bridge length (ft.) 1606 

Max. span Length (ft.) 118 

Superstructure  Continuous PS Concrete  

ADT 5600 

ADTT 10% 

No. of lanes on: 2 / under: 0 

Location Douglas County 

Environment Costal / all other 

Deck CR (2011) 7 

Superstructure CR (2011) 7 

Substructure CR (2011) 7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating 5(Stable) 

Skew 0 

Controlling Damage 

Modes: 
Settlement 

Repair damaged girder & remove boulder debris (2012) 
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Bridge ID: 16873 

Year Built 1991 

 

No. of spans 5 

Bridge length (ft.) 660 

Max. span Length (ft.) 140 

Superstructure PS Concrete 

ADT 18500 

ADTT 9% 

No. of lanes on: 2 / under: 0 

Location Benton County 

Environment Valley/all other 

Deck CR (2011) 6 

Superstructure CR 

(2011) 
7 

Substructure CR 

(2011) 
7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating 5/Stable 

Skew 0 

Controlling Damage 

Modes: 
- 

None 

 

 

Bridge ID: 02376B 

Year Built 1975 

 

No. of spans 3 

Bridge length (ft.) 260 

Max. span Length 

(ft.) 
100 

Superstructure PS Concrete 

ADT 155700 

ADTT 8% 

No. of lanes on: 8 / under: 0 

Location Washington County 

Environment Valley/Regions like Portland 

Deck CR (2012) 7 

Superstructure CR 

(2012) 
7 

Substructure CR 

(2012) 
7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating Scour critical 

Skew 0 

Controlling Damage 

Modes: 

Deck rutting, substructure 

corrosion 

List of repairs: PPC Overlay Joints (2007), Seismic Retrofit (2014) 
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Bridge ID: 01895A 

Year Built 1995 

 

No. of spans 2 

Bridge length (ft.) 1217 

Max. span Length (ft.) 240 

Superstructure Continuous PS Con 

ADT 4900 

ADTT 37% 

No. of lanes on: 2 / under: 0 

Location Klamath County 

Environment Valley/all other 

Deck CR (2012) 7 

Superstructure CR (2012) 7 

Substructure CR (2012) 7 

Facility Under Railroad/Waterway 

Clearance(ft.) 23.5 

Scour Rating 8 /stable 

Skew 0 

Controlling Damage 

Modes: 

Rebar Corrosion 

within the Span, 

Settlement 

List of repairs: Deck Seal, Clean Girders (2010), Repair Concrete Rail (2011), Repair Damage Pot Bearing (2012) 

 

  

Bridge ID: 07935A 

Year Built 1973 

 

No. of spans 5 

Bridge length (ft.) 413 

Max. span Length (ft.) 85 

Superstructure PS Concrete 

ADT 4898 

ADTT 48% 

No. of lanes on: 2 / under: 0 

Location Malheur County 

Environment Valley/all other 

Deck CR (2013) 4 

Superstructure CR (2013) 7 

Substructure CR (2013) 7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating Scour Critical 

Skew 38 degrees 

Controlling Damage Modes: 

Rutting, Cracking 

Shear, Bearing seat 

problems 

List of Repairs: Patch Deck (2008), Deck Seal (2009), Overlay; Joint Seals (2013) 
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Bridge ID: 07935B 

Year Built 1973 

 

No. of spans 5 

Bridge length (ft.) 346 

Max. span Length (ft.) 76 

Superstructure PS Concrete  

ADT 4898 

ADTT 48% 

No. of lanes on: 2 / under: 0 

Location Malheur County 

Environment Valley/all other 

Deck CR (2013) 7 

Superstructure CR (2013) 7 

Substructure CR (2013) 7 

Facility Under Water 

Clearance(ft.) - 

Scour Rating Scour critical 

Skew 43 degrees 

Controlling Damage Modes: 

Rutting, Cracking Shear, 

Strand Corrosion, Bearing 

seat problems 

List of Repairs: Widen; Deck Overlay (2007) 

 

   

Bridge ID: 09358 

Year Built 1965 

 

No. of spans 4 

Bridge length (ft.) 225 

Max. span Length (ft.) 68 

Superstructure PS Concrete 

ADT 1700 

ADTT 9% 

No. of lanes on: 3 / under: 6 

Location Lane County 

Environment Valley/all other 

Deck CR (2013) 4 

Superstructure CR (2013) 7 

Substructure CR (2013) 6 

Facility Under Highway 

Clearance(ft.) 15.92 

Scour Rating Not Applicable 

Skew 11degrees 

Controlling Damage 

Modes: 

Strand 

Corrosion/Rebar 

Corrosion 

List of Repairs: Bridge Screen (2002), Deck Overlay, Repair Spalling Rail Parapets (2013) 
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Bridge ID: 16453 

Year Built 1987 

 

No. of spans 3 

Bridge length (ft.) 203 

Max. span Length (ft.) 100 

Superstructure PS Concrete 

ADT 6658 

ADTT 29% 

No. of lanes on: 2 / under: 2 

Location Umatilla County 

Environment Valley/all other 

Deck CR (2012) 6 

Superstructure CR (2012) 6 

Substructure CR (2012) 7 

Facility Under Highway 

Clearance(ft.) 18.17 

Scour Rating Not Applicable 

Skew 28 degrees 

Controlling Damage Modes: 

Rutting, Most 

structural damage 

modes, and settlement 

List of Repairs: Replace Joints; Install Gabions to Retain Fill (2007) 

 

     

Bridge ID: 19284 

Year Built 2005 

 

No. of spans 4 

Bridge length (ft.) 603.67 

Max. span Length (ft.) 150.92 

Superstructure Continuous PS Con 

ADT 7800 

ADTT 14% 

No. of lanes on: 1 / under: 0 

Location Jackson County 

Environment Valley/all other 

Deck CR (2012) 6 

Superstructure CR (2012) 7 

Substructure CR (2012) 6 

Facility Under Other 

Clearance(ft.) 0 

Scour Rating 
N Not Over 

Waterway 

Skew 0 

Controlling Damage Modes: Settlement 

List of Repairs: none 
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Bridge ID: 19739 

Year Built 2007 

 

No. of spans 4 

Bridge length (ft.) 951.44 

Max. span Length (ft.) 273.31 

Superstructure Continuous PS Con 

ADT 21564 

ADTT 16% 

No. of lanes on: 2 / under: 0 

Location Douglas County 

Environment Valley/all other 

Deck CR (2013) 7 

Superstructure CR (2013) 6 

Substructure CR (2013) 6 

Facility Under Railroad Waterway 

Clearance(ft.) 22.97 

Scour Rating 5 Stable w/in Footing 

Skew 0 

Controlling Damage Modes: 

Rutting, Strand 

Corrosion, Rebar 

Corrosion, Settlement 

List of Repairs: none 
 

 

Bridge ID: 20666 

Year Built 2009 

 

No. of spans 1 

Bridge length (ft.) 170 

Max. span Length (ft.) 170 

Superstructure PS  

ADT 14100 

ADTT 6% 

No. of lanes on: 2 / under: 0 

Location Clackamas County 

Environment Valley/all other 

Deck CR (2012) 7 

Superstructure CR (2012) 8 

Substructure CR (2012) 8 

Facility Under Water 

Clearance(ft.) - 

Scour Rating 8/ Stable  

Skew 0 

Controlling Damage Modes: - 

List of Repairs: none 
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Bridge ID: 0988A 

Year Built 1967 

 

No. of spans 4 

Bridge length (ft.) 313 

Max. span Length (ft.) 77 

Superstructure PS Concrete 

ADT 1300 

ADTT 28% 

No. of lanes on: 2 / under: 0 

Location Grant County 

Environment Valley/all other 

Deck CR (2011) 7 

Superstructure CR (2011) 7 

Substructure CR (2011) 6 

Facility Under water 

Clearance(ft.) - 

Scour Rating 5(stable) 

Skew 35 degrees 

Controlling Damage Modes: 

Spalling, Settlement, 

substructure 

corrosion 

Replace bridge rail; joint seals  (1998) 

 

 

Bridge ID: 01056A 

Year Built 1970 

 

No. of spans 19 

Bridge length (ft.) 1507 

Max. span Length (ft.) 120 

Superstructure Continuous PS Con 

ADT 6500 

ADTT 7% 

No. of lanes on: 4 / under: 0 

Location Coos County 

Environment Coastal/all other 

Deck CR (2012) 6 

Superstructure CR (2012) 7 

Substructure CR (2012) 6 

Facility Under water 

Clearance(ft.) - 

Scour Rating 5(stable) 

Skew 0 

Controlling Damage Modes: 
Spalling , Deck 

Cracking 

New rail transitions at west end of bridge(2003), Deck seal (2012), Replace expansion joint (2013) 
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Legend for Reliability Matrix of Each Bridge for Last Available Inspection Report 

 

 

 

 

 

 

Deck Superstructure Substructure 

Spalling (D1) Cracking (S1) Settlement (F1) 

Rutting (D2) Strand Corrosion (S2) Corrosion (F2) 

Cracking (D3) Impact (S3)  

 Rebar Corrosion within the Span (S4)  

 Bearing Seat problems (S5)  

 

 

Inspection Priority Number (IPN) for Different Possible Cases 
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Appendix D 

Sample Bridges in Texas      

(Inspection Intervals were based on scenario no.3) 
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Bridge ID: 23-215-0-0011-07-056 

Year Built 1948 

 

No. of spans 3 

Bridge length (ft.) 430 

Max. span Length (ft.) 89.9 

Superstructure Steel Continuous 

ADT 2100 

ADTT 13% 

No. of lanes 2 

Location Brownwood 

Environment North of I-20 

Deck CR (2011) 7 

Superstructure CR (2011) 4 

Substructure CR (2011) 6 

Facility Under Waterway 

Clearance - 

Scour Rating 8 

Skew 0 

Controlling Damage 

Modes 

Deck damage modes and 

corrosion in substructure 

and failure at connection 

List of repairs: No repair (under construction in 2013) 

 

    

 

Bridge ID: 12-085-0-1911-01-003 

Year Built 1943 

 

No. of spans 5 

Bridge length (ft.) 150 

Max. span Length (ft.) 30 

Superstructure Steel  

ADT 10300 

ADTT 4% 

No. of lanes 2 

Location Houston 

Environment Coastal Area 

Deck CR (2012) 6 

Superstructure CR (2012) 5 

Substructure CR (2012) 6 

Facility Under Waterway 

Clearance - 

Scour Rating 8 

Skew 30 degree 

Controlling Damage 

Modes: 

Section loss and 

corrosion 

List of repairs: No repair 
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Bridge ID: 01-139-0-0769-01-007 

Year Built 1956 

 

No. of spans 3 

Bridge length (ft.) 276.9 

Max. span Length (ft.) 75.13 

Superstructure Steel Continuous 

ADT 510 

ADTT 10% 

No. of lanes 2 

Location Paris 

Environment North of I-20 

Deck CR (2011) 7 

Superstructure CR (2011) 6 

Substructure CR (2011) 5 

Facility Under Waterway 

Clearance - 

Scour Rating 5 

Skew 0 

Controlling Damage 

Modes: 

Corrosion in 

substructure 

List of repairs: no major repair (maybe joints repaired in 2003) 

 

  

Bridge ID: 02-127-0-0014-03-194 

Year Built 1963 

 

No. of spans 1 

Bridge length (ft.) 210 

Max. span Length (ft.) 80 

Superstructure Steel Continuous 

ADT 13320 

ADTT 30% 

No. of lanes 2 

Location Fort Worth 

Environment All Else 

Deck CR (2012) 4 

Superstructure CR (2012) 4 

Substructure CR (2012) 6 

Facility Under Highway 

Clearance 14 

Scour Rating N 

Skew 55 

Controlling Damage 

Modes: 

Impact, Fatigue 

Cracking in 

superstructure 

List of repairs: No Repair 
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Bridge ID: 02-127-0-0094-04-057 

Year Built 1939 

 

No. of spans 1 

Bridge length (ft.) 140 

Max. span Length (ft.) 60 

Superstructure Steel 

ADT 14640 

ADTT 28% 

No. of lanes 2 

Location Fort Worth 

Environment All Else 

Deck CR (2012) 6 

Superstructure CR (2012) 7 

Substructure CR (2012) 6 

Facility Under Waterway 

Clearance - 

Scour Rating 8 

Skew 0 

Controlling Damage 

Modes: 

All have the same 

chance 

List of repairs: No Repair 

 

  

Bridge ID: 02-220-0-1068-02-058 

Year Built 1957 

 

No. of spans 2 

Bridge length (ft.) 258.9 

Max. span Length (ft.) 101 

Superstructure Steel Continuous 

ADT 30000 

ADTT N/A 

No. of lanes 9 

Location Fort Worth 

Environment All Else 

Deck CR (2013) 4 

Superstructure CR (2013) 7 

Substructure CR (2013) 6 

Facility Under Highway 

Clearance 14.8 

Scour Rating N 

Skew 0 

Controlling Damage 

Modes: 

Cracking in Deck - 

Section Loss , Impact 

List of repairs: No repair 
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Bridge ID: 05-152-0-0067-11-188 

Year Built 1990 

 

No. of spans 2 

Bridge length (ft.) 1050.8 

Max. span Length (ft.) 252 

Superstructure Steel Continuous 

ADT 22390 

ADTT 10% 

No. of lanes 4 

Location Lubbock 

Environment North of I-20 

Deck CR (2011) 7 

Superstructure CR (2011) 6 

Substructure CR (2011) 7 

Facility Under Highway, railroad 

Clearance 26.9 

Scour Rating N 

Skew 99 (i.e. Different Values) 

Controlling Damage 

Modes: 

Damage in superstructure, 

Cracking in deck, and 

corrosion in substructure 

List of repairs: No Repair 

 

          

Bridge ID: 08-030-0-AA01-31-001 

Year Built 1985 

 

No. of spans 1 

Bridge length (ft.) 60 

Max. span Length (ft.) 39 

Superstructure Steel 

ADT 55 

ADTT N/A 

No. of lanes 1 

Location Abilene 

Environment North of I-20 

Deck CR (2011) 6 

Superstructure CR (2011) 7 

Substructure CR (2011) 6 

Facility Under Waterway 

Clearance - 

Scour Rating 5 

Skew 0 

Controlling Damage 

Modes: 

Damage in 

superstructure, 

Cracking in deck, and 

corrosion in 

substructure 

List of repairs: No repair 
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Bridge ID: 12-102-0-0027-13-195 

Year Built 1979 

 

No. of spans 1 

Bridge length (ft.) 165 

Max. span Length (ft.) 94.1 

Superstructure Steel 

ADT 6000 

ADTT 3% 

No. of lanes 1 

Location Houston 

Environment All Else 

Deck CR (2013) 7 

Superstructure CR (2013) 7 

Substructure CR (2013) 7 

Facility Under Highway 

Clearance 22.2 

Scour Rating N 

Skew 33 

Controlling Damage 

Modes: 

All superstructure 

damage modes 

List of repairs: No repair 

 

   

Bridge ID: 12-102-0-0500-03-320 

Year Built 1990 

 

No. of spans 1 

Bridge length (ft.) 415 

Max. span Length (ft.) 182 

Superstructure Steel Continuous 

ADT 162330 

ADTT 7% 

No. of lanes 10 

Location Houston 

Environment All Else 

Deck CR (2012) 7 

Superstructure CR (2012) 8 

Substructure CR (2012) 7 

Facility Under Highway 

Clearance 16.7 

Scour Rating N 

Skew 43 

Controlling Damage 

Modes: 

All superstructure 

damage modes 

List of repairs: No repair 
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Bridge ID: 15-015-0-0025-02-162 

Year Built 1967 

 

No. of spans 1 

Bridge length (ft.) 220 

Max. span Length (ft.) 100 

Superstructure Steel Continuous 

ADT 63300 

ADTT 5% 

No. of lanes 4 

Location San Antonio 

Environment All Else 

Deck CR (2012) 7 

Superstructure CR (2012) 7 

Substructure CR (2012) 6 

Facility Under Highway 

Clearance 16 

Scour Rating N 

Skew 8 

Controlling Damage 

Modes: 

All superstructure 

damage modes 

List of repairs: Repairs in backwalls/wingwalls and cleaning bearing out of debris in 2002 

 

  

Bridge ID: 15-015-0-B064-55-001 

Year Built 1964 

 

No. of spans 2 

Bridge length (ft.) 98 

Max. span Length (ft.) 47.9 

Superstructure Steel Continuous 

ADT 9490 

ADTT N/A 

No. of lanes 2 

Location San Antonio 

Environment All Else 

Deck CR (2011) 7 

Superstructure CR (2011) 6 

Substructure CR (2011) 7 

Facility Under Waterway 

Clearance - 

Scour Rating 5 

Skew 10 

Controlling Damage 

Modes: 
same chance for all 

List of repairs: No Repair 
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Bridge ID: 18-057-0-0092-14-210 

Year Built 1973 

 

No. of spans 4 

Bridge length (ft.) 292 

Max. span Length (ft.) 85 

Superstructure Steel Continuous 

ADT 16900 

ADTT 17% 

No. of lanes 1 

Location Dallas 

Environment North of I-20 

Deck CR (2012) 7 

Superstructure CR (2012) 7 

Substructure CR (2012) 7 

Facility Under No Feature Under 

Clearance - 

Scour Rating N 

Skew 0 

Controlling Damage 

Modes: 

Punch thru in deck , 

All superstructure 

damage modes 

List of repairs: Superstructure was painted in 2002 

 

 

Bridge ID: 18-061-0-0196-01-133 

Year Built 1960 

 

No. of spans 4 

Bridge length (ft.) 372 

Max. span Length (ft.) 75.1 

Superstructure Steel Continuous 

ADT 75357 

ADTT N/A 

No. of lanes 2 

Location Dallas 

Environment North of I-20 

Deck CR (2012) 5 

Superstructure CR (2012) 4 

Substructure CR (2012) 6 

Facility Under Highway 

Clearance 15.7 

Scour Rating N 

Skew 30 

Controlling Damage 

Modes: 

Punch thru and Cracking 

in deck , impact and 

fatigue cracking in 

superstructure 

List of repairs: No Repair- Although there are suggestions in different years 
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Bridge ID: 19-019-0-0610-06-162 

Year Built 1971 

 

No. of spans 3 

Bridge length (ft.) 230 

Max. span Length (ft.) 100 

Superstructure Steel Continuous 

ADT 9000 

ADTT 43% 

No. of lanes 2 

Location Atlanta 

Environment North of I-20 

Deck CR (2012) 6 

Superstructure CR (2012) 6 

Substructure CR (2012) 6 

Facility Under Highway 

Clearance 15 

Scour Rating N 

Skew 28 

Controlling Damage 

Modes: 
Impact 

List of repairs: No repair 

 

     

Bridge ID: 23-141-0-0251-05-020 

Year Built 1934 

 

No. of spans 3 

Bridge length (ft.) 224 

Max. span Length (ft.) 66.9 

Superstructure Steel Continuous 

ADT 2800 

ADTT 14% 

No. of lanes 2 

Location Brownwood 

Environment All Else 

Deck CR (2012) 6 

Superstructure CR (2012) 6 

Substructure CR (2012) 6 

Facility Under Waterway 

Clearance - 

Scour Rating 8 

Skew 0 

Controlling Damage 

Modes: 

Corrosion in 

Substructure 

List of repairs: No Repair 
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Bridge ID: 24-072-0-0167-01-059 

Year Built 1970 

 

No. of spans 2 

Bridge length (ft.) 240.1 

Max. span Length (ft.) 89.9 

Superstructure Steel Continuous 

ADT 17000 

ADTT 7% 

No. of lanes 6 

Location El Paso 

Environment All Else 

Deck CR (2013) 7 

Superstructure CR (2013) 7 

Substructure CR (2013) 7 

Facility Under Highway 

Clearance 16.7 

Scour Rating - 

Skew 0 

Controlling Damage 

Modes: 

All superstructure 

damage modes 

List of repairs: No Repair 
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Legend for Reliability Matrix of Each Bridge for Last Available Inspection Report 

 

 

 

 

Deck Superstructure Substructure 

Spalling (D1) Section Loss (S1) Settlement (F1) 

Punch thru (D2) Impact (S2) Corrosion (F2) 

Cracking (D3) Fatigue Cracking (S3)  

Delamination (D4) Overload Damages (S4)  

 

 

Inspection Priority Number (IPN) for Different Possible Cases 

01-139-0-0769-01-007 

 

02-127-0-0014-03-194 02-127-0-0094-04-057 
 

02-220-0-1068-02-058 

 
05-152-0-0067-11-188 08-030-0-AA01-31-001 

 
12-085-0-1911-01-003 

 
12-102-0-0027-13-195 
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12-102-0-0500-03-320 

 

 
15-015-0-0025-02-162 

 
15-015-0-B064-55-001 

 
18-057-0-0092-14-210 

 
18-061-0-0196-01-133 

 
19-019-0-0610-06-162 

 
23-141-0-0251-05-020 

 
23-215-0-0011-07-056 

 

 
24-072-0-0167-01-059 

   

 



204 

Scoring Details for Sample Bridges in Oregon 
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Scoring Details for Sample Bridges in Texas 
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Appendix E  

Controlling Damage Modes for Sample Bridges 
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Table E18. Controlling damage modes for RBI analysis of bridges in Oregon (CF Case 4). 

Bridge ID 

Inspection 

Interval 

Based on 

Case  4 

Controlling Damage Mode 

02376B 48 Rutting in deck and corrosion in substructure 

07801A 24 
Shear cracking, strand corrosion, and rebar corrosion within the span in 

superstructure 

01741B 24 Corrosion related damage modes in superstructure and substructure 

07935A 48 
Rutting in deck, shear cracking , strand corrosion and bearing seat problems in 

superstructure 

07935B 48 
Rutting in deck, shear cracking , strand corrosion and bearing seat problems in 

superstructure 

17451 24 Spalling in deck 

16454 24 
Rutting in deck, shear cracking , strand corrosion and rebar corrosion within the 

span in superstructure 

16453 48 Strand Corrosion 

9546 24 Strand Corrosion and rebar corrosion within the span 

00988A 48 Shear cracking in superstructure, settlement and corrosion in substructure 

01056A 24 Most corrosion related damage modes 

9358 24 Strand corrosion and rebar corrosion within the span 

16873 72 All damage modes equal 

18175 48 Most damage modes in superstructure 

01895A 48 Rebar corrosion within the span  for superstructure and settlement in substructure 

9915 24 Strand corrosion and rebar corrosion within the span 

8994 24 Rebar corrosion within the span 

8896 48 Cracking in deck 

20666 72 All damage modes equal 

19739 48 
Rutting in deck, corrosion related damage modes in superstructure and settlement 

in substructure 

19738 48 
Rutting and spalling in deck, corrosion related damage modes in superstructure 

and settlement in substructure 

19284 48 Settlement in substructure 
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Table E19. Controlling damage modes for RBI analysis of bridges in Texas (CF case 3). 

Bridge ID 
Inspection Interval 

Based on Case  3 
Controlling Damage Mode/s 

01-139-0-0769-01-007 24 Corrosion in Substructure 

02-127-0-0014-03-194 24 Fatigue Cracking 

02-127-0-0094-04-057 72 All damage modes equal 

02-220-0-1068-02-058 24 Cracking in Deck - Section Loss, Impact 

05-152-0-0067-11-188 24 Fatigue Cracking 

08-030-0-AA01-31-001 48 Deck damages and Substructure 

12-085-0-1911-01-003 48 Section loss and Corrosion in Substructure 

12-102-0-0027-13-195 48 All damage modes equal 

12-102-0-0500-03-320 48 All damage modes equal 

15-015-0-0025-02-162 48 All damage modes equal 

15-015-0-B064-55-001 72 All damage modes equal 

18-057-0-0092-14-210 24 
All damage modes equal (Screen because of pin 

and hanger connection) 

18-061-0-0196-01-133 24 
Punch thru and Cracking in deck, Corrosion in 

Substructure 

19-019-0-0610-06-162 24 Impact 

23-141-0-0251-05-020 48 Corrosion in Substructure 

23-215-0-0011-07-056 48 All damage modes equal 

24-072-0-0167-01-059 24 All damage modes equal 
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