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EXECUTIVE SUMMARY
This study develops depreciation models for bridges and culverts in Georgia utilizing the Federal
Highway Administration (FHWA)’s National Bridge Inventory (NBI) condition rating (CR) data
recorded between years 1992 and 2017. Specifically, this research study serves to establish a
depreciation model for each culvert and each of three bridge components (deck, superstructure,
and substructure) found in the latest (2017) NBI. The goal of this study is to assist the Georgia
Department of Transportation (GDOT) with long-term transportation asset management plans
(TAMPs). The depreciation models included in this report provide deterioration rates in terms of
the NBI bridge CRs as the basis for engineering decisions on maintenance and replacement and

are expected to better support estimates of long-term asset investment needs.

This study considers a total of 39 analysis groups including 3 culvert and 36 bridge groups.
The three culvert groups are formed by the three geographic locations of Georgia (Northern,
Central, and Coastal regions). In these same three regions, bridge groups are divided into 5 deck
and 5 superstructure subgroups according to 5 material types, as well as 2 substructure subgroups
based on the presence of waterways. The Markov chain method, an approach widely used for
generating depreciation curves for transportation assets, is used by calculating CR transition
probabilities from the NBI data sets (1992-2017). Results confirm that geographic locations and
material types affect depreciation rates in bridge decks and superstructures and that the presence
of waterways influences the performance of bridge substructures.

Since the reliability of a long-term life-cycle analysis of bridges vastly depends on the
accuracy of depreciation models presented in this report, a Chi-square test is conducted to provide
a high level of accuracy in forecasting bridge conditions. In other words, the depreciation models

developed in this study are compared to the long-term bridge performance (LTBP) program’s

X



deterioration curves provided by Dr. Moon’s research team at Rutgers University. The
depreciation models presented in this report, although constructed using a simpler approach,
correlate well with the LTBP prediction models and thus are concluded reliable. Based on these

findings, depreciation models are finalized for Georgia bridges and culverts present in the latest

(2017) NBI.

Lastly, time increments required in each CR change are determined for culvert and 3 bridge
components, which will be used as key input for the AASHTO Bridge Management (BrM)
software. The software is expected to use this information in order to complete a life-cycle
analysis. The following electronic files are submitted with this report to support the

implementation of the findings:

e An excel spreadsheet file including the BrM input data (i.e., predicted time increments for
each CR change organized by Bridge IDs).

e PDF files including a plot of CR history and depreciation models for each bridge (the files
are named according to Bridge IDs) similar to shown in Appendices A and B.

e MATLAB codes and Excel output files used for the NBI data analysis.
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1. INTRODUCTION

1.1 Overview

The Georgia Department of Transportation (GDOT) maintains an inventory of over 15,000 bridges
and culverts statewide. Transportation asset management planning and decisions must be based on
a consistent understanding of the bridge asset life cycle and condition, as well as an understanding
of differing levels of service, operational and maintenance costs, and alternative capital
expenditure treatments. Therefore, bridge performance prediction models are generally based on
its life cycle, condition, and factors driving the consumption of the asset (e.g., environment and
traffic).

Increased deterioration rates induced by reduced bridge maintenance activities may not be
apparent in the short term. Consequently, the prediction of asset depreciation, as part of a bridge
management program, is crucial in preparing short-term and long-term capital programs for the
construction and maintenance of bridges in Georgia. This study determines the historic bridge
condition deterioration rates and is ultimately expected to promote decreasing depreciation rates
by sustaining a desired State of Good Repair (SOGR) over the long term. In this report, the term
‘deterioration’ is used interchangeably with the word ‘depreciation’ because physical deterioration

of structure is often accompanied by depreciation, a reduction in the value of an asset.
1.2 Literature Review

1.2.1 U.S. Transportation Agencies’ Asset Depreciation Models

Bridge management programs (BMP) such as PONTIS and BRIDGIT traditionally had built-in
capabilities for calculating bridge deterioration rates using the Markov chain approach in order to

predict the probability of transition from one condition state to another condition state. The Markov



chain approach has been used extensively to model the deterioration behavior of bridges in the
United States (Bu et al. 2014; Agrawal et al. 2010; Cesare et al. 1992).

Generally, bridge deterioration rates are calculated by using the National Bridge Inventory
(NBI) inspection data to assist decision makers in predicting the future condition of bridges and to
optimize the allocation of scarce resources for maintenance, repair, and rehabilitation needs
(Agrawal et al. 2010). However, the natural deterioration process is normally affected by traffic
volume, environment, and maintenance efforts (Bu et al. 2012; Bu et al. 2014), and thus is
challenging to predict.

One of the most common practices when the Markov chain approach is adopted is to
develop a condition-rating-based depreciation model utilizing the NBI database. In this approach,
it is assumed that without repair or rehabilitation, bridge condition ratings (CRs) should decrease
over time. Therefore, only transition probabilities reflecting no CR change or a decrease in CRs
are considered in the analysis (DeStefano et al. 1998). Depreciation models developed by the
Markov chain process utilizing such transition probabilities are expected to follow the dominant
deteriorating behavior observed in past inventories. As a general rule for reporting bridge condition
states, three depreciation models (Hawk 2003) in total are generated for three bridge components

(deck, superstructure, and substructure) and a single prediction model is determined for culverts.

1.2.2 GDOT Long-term Bridge Asset Management Software

Currently, depreciation models are not available in the bridge management program (AgileAssets
or Georgia Asset Management System) software tool for its bridge asset management. According
to the GDOT Transportation Asset Management Plan (TAM 2014-2018), GDOT uses the service
life-based depreciation. Useful life of a transportation asset is considered to be 75 years. Therefore,

depreciation models for Georgia bridges need to be developed over a span of more than 75 years



for its long-term Transportation Asset Management Plans (TAMPs). Finally, it should also be
recognized that bridges in Georgia are expected to last up to 100 years or beyond due to the state’s
favorable environmental conditions and climate (e.g., minimum freeze-thaw cycle) for retaining

bridge CRs.
1.3 Research Need

1.3.1 Develop Bridge Depreciation Models

There is a need to develop depreciation models for the next 100 years in order for GDOT to conduct

a life-cycle cost analysis of bridges and to assist GDOT with long-term TAMPs.

1.3.2 Enhance Long-term Bridge Asset Management Plans

It is necessary to establish long-range bridge performance prediction models that are reliable yet

easily applicable in order to conduct a life-cycle cost analysis of bridges in Georgia.

1.3.3 Recent Adoption of the AASHTO Bridge Management (BrM) Software

Recently, a decision has been made by the GDOT Bridge Maintenance Unit (BMU) to adopt the
American Association of State Highway and Transportation Officials (AASHTO) Bridge
Management (BrM) software in order to have long-term TAMPs in place. This software requires
depreciation models for each bridge as input to complete a life-cycle cost analysis and long-term
TAMP. Specifically, this input consists of estimated time increments required for changes in CR.

Section 3.6 addresses input information in greater detail.

1.4  Project Significance and Scope
As highlighted in the previous sections, depreciation models must be determined in order for
GDOT to conduct a life-cycle cost analysis of bridges and to assist GDOT with long-term TAMPs.

In order to capture the full effect of bridge deterioration, it is necessary to consider a long-term



plan, which is consistent with the Moving Ahead for Progress in the 21st Century Act (MAP-21)
requirements. This is because increased depreciation caused by reduced bridge maintenance
activities is not apparent in the short term. For example, if the annual maintenance budget were to
remain unchanged despite an increased number of bridges constructed and deteriorated, the
average service life (75-100 years) expectancy would decrease in the long term. Therefore, it is
essential to develop depreciation models for Georgia bridges over a 100-year time span, review
scenarios for varying cash flows to sustain a desired State of Good Repair for all bridges and
culverts, and study alternative capital expenditure treatments.

This study provides GDOT with three depreciation models for bridges and a single
depreciation model for culverts over the next 100 years based on the NBI CRs to enhance long-

term TAMPs, which will reflect the desired level of bridge conditions maintained.

1.5 Objectives
This study is aimed to develop depreciation models for all bridges and culverts in Georgia’s bridge
inventory, which will assist in enhancing GDOT’s long-term TAMPs. This overall goal is
consistent with the objectives of the MAP-21 (FHWA 2012). More specifically, this project is
designed to

1) Develop bridge condition degradation curves for the complete bridge inventory.

2) Generate a plot showing CR history and a long-term prediction of CR for each bridge

including the performance of its deck, superstructure, and substructure.
3) Provide an input file for use in the BrM software, an asset management tool, for

conducting a life-cycle analysis.



1.6 Organization of the Report

The report consists of five sections. The first section presents the scope and purpose. The second
section provides the definition of major terminologies used in this study. Moreover, it provides a
brief description of analysis methods. The third section presents an analysis of CR transitions over
the past 25 years and resulting depreciation models. Furthermore, a Chi-square test is performed
to validate the models. Appendix D presents detailed information regarding the necessary steps
used to analyze CR transitions in the NBI and develop depreciation models. The fourth section
discusses the findings and limitations. The last section concludes the study with a summary of

major findings and recommendations.



2. METHODOLOGY

2.1 Overview
The MATLAB software program (academic license version R17) is primarily used to determine
CR transition probabilities and build depreciation models by means of the Markov chain approach
(Agrawal et al., 2017).

Section 2.4 briefly presents the process, and Appendix D describes the NBI data analysis
procedures in greater detail. The bridge CR data sets between years 1992 and 2017 are downloaded
from the NBI database (FHWA NBI, 2018) and read into the MATLAB numerical computing

environment to build the depreciation models presented in this report.

2.2 Definition of Terms

Project-specific terms used during the NBI data analysis are listed below:

e Culvert — A structure designed hydraulically to take advantage of submergence to increase
hydraulic capacity. Culverts, as distinguished from bridges, are usually covered with
embankment and are composed of structural material around the entire perimeter (FHWA

1995).

e Bridge - A structure including supports erected over a depression or an obstruction, such
as water, highway, or railway, and having a track or passageway for carrying traffic or
other moving loads, and having an opening measured along the center of the roadway of
more than 20 feet (6.1 m) between undercopings of abutments or spring lines of arches, or

extreme ends of openings for multiple boxes; it may also include multiple pipes, where the



clear distance between openings is less than half of the smaller contiguous opening (FHWA

1995).

Bridge major components — A bridge’s major components include the deck, superstructure,

and substructure.

Deck — The portion (or surface) of a bridge that directly carries traffic.

Superstructure — The portion of a bridge structure (e.g., girder, truss, arch) that directly

supports the deck and receives the live load.

Substructure — The portion of a bridge that supports the superstructure. On a bridge, piers,
abutments, piles, fenders, footings, or other supporting components are defined as the

substructure.

Waterway — A river, lake, canal, or other route for travel by water.

Condition Rating (CR) — Condition codes provide an “overall characterization of the
general condition of the entire component” under evaluation (FHWA 1995). The following
9 general CR codes are used. The code ‘N’ (not applicable) or ‘0’ (out of service) are not
used in this analysis:

0 9-EXCELLENT CONDITION

0 8- VERY GOOD CONDITION - no problems noted.



7 - GOOD CONDITION - some minor problems.

6 - SATISFACTORY CONDITION - structural elements show some minor
deterioration.

5 - FAIR CONDITION - all primary structural elements are sound but may have
minor section loss, cracking, spalling, or scour.

4 - POOR CONDITION - advanced section loss, deterioration, spalling, or scour.
3 - SERIOUS CONDITION - loss of section, deterioration, spalling, or scour have
seriously affected primary structural components.

2 - CRITICAL CONDITION - advanced deterioration of primary structural
elements.

1 - IMMINENT FAILURE CONDITION - major deterioration or section loss
present in critical structural components or obvious vertical or horizontal

movement affecting structural stability.



23 NBI Data and Attributes Used for Analysis

The NBI data sets represent “bridge data submitted annually to FHWA by the States, Federal
agencies, and Tribal governments in accordance with the National Bridge Inspection Standards
and the Recording and Coding Guide for the Structure Inventory and Appraisal of the Nation’s
Bridges. Each data set is submitted in the spring, and may be corrected or updated throughout the
year. The data [set] is considered final and is published on this website at the end of each calendar
year” (FHWA NBI 2018). In this study, the 2017 data set is used as it is the latest data available
as of November 2018. The following subsections list and describe major NBI items used for this
study. Figure 1 presents an organization chart featuring the NBI items selected for building
depreciation models. Culverts and bridges are divided into total 13 subgroups, and each subgroup

is further divided into 3 regions based on the county codes shown in Figure 1.

NBI Item #1 NBI Item #1
(code 134) (code 134)
Culvertsin GA Bridges in GA
NBI Item #62 |NBI Iltem # 58 |NBI ltem # 59 |NBI ltem # 60
CulvertCR Deck CR Superstructure CR Substructure CR
NBI ltem #107 ‘ NBI Item #43A | NBI ltem #113 |
‘ Deck type ‘ ‘ Structure type ‘ ‘ Scour critical ‘
Code: 1 Code: 1,2 Code: N

No Wterweys g
Code: 2 Codes: 3 4| The other codes
- Over Waterwaysé

Precast
Code:5,6

concrete

anels Precast/
Code: 3-7 | Prestressed
concrete
Code: 8 Code: 7
The other codes The other codes
- {other @
‘ NBI Item #4
| Countycodes | Note:o—subgroupcount
I
[ | 1
Northern \ | Central | | Coastal |
Codes: 11,85,105,111,119,137,139,147, The other codes Codes:
187,195,241,257,281,291,311,15,47,55, 1,5,25,29,39,49,51,103,109,127,179,
83,115,123,129,213,295,313,13,89,117,135,157, 183, 191,229,267,299,305

217,247,297,45,57,67,77,97,143,223,227,233,121
(Ref.: Inspectionareas 1,6,7,9,12)

Figure 1 — An Organization Chart for Developing Depreciation Models.

(Ref.: Inspection area 5)
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2.3.1 State Code (Item No. 1)

A total of 26 NBI data sets (1992-2017) containing the three-digit state code ‘134’ for Georgia are
downloaded from the NBI website (FHWA NBI 2018). A total of 25 years of CR transitions exist.
2.3.2 County Code (Item No. 4)

The county codes are used to assign analysis groups (e.g., inspection areas and climate regions)
for developing depreciation models. Section 2.5.6 provides the background and details on how this

NBI item is used for creating analysis groups shown in Figure 1.

2.3.3 Structure Number (Item No. 8)

GDOT bridge identification numbers are saved to develop depreciation models for each Georgia
bridge in the downloaded NBI data sets. The structural number is a unique identifier for each

bridge within the state.

2.3.4 Year Built (Item No. 27)

The construction year is saved to graphically review historic CRs. See Appendices A and B.

2.3.5 Structure Type (Item No. 43)

This NBI item indicates the type of structure for the main span(s). The kind of material (43A) is
primarily used to recognize more distinct bridge characteristics in differentiating depreciation
models in bridge superstructures. They are divided into five categories: Concrete (Codes 1 and 2),
Steel (Codes 3 and 4), Prestressed/Precast concrete (Codes 5 and 6), Timber (Code 7), and Other
(the other remaining Codes). For the remainder of this report, the ‘Prestressed/Precast’ concrete
superstructure category is referred to as ‘Precast’ concrete for brevity. Culverts are identified by

Item No. 43B (Code 19) and are analyzed independently of bridges.
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2.3.6 Deck Structure Type (Item No. 107)

Item 107 provides the (material) type of bridge deck system whereas Item 43A is associated with
the bridge superstructure type. They are similarly divided into five categories: Concrete (Code 1),
Precast concrete (Code 2), Metal (Codes 3 through 7), Timber (Code 8), and Other (the other
remaining Codes). The “Metal” category includes “Open Grating”, “Closed Grating”, “Steel
Plate”, “Corrugated Steel”, and “Aluminum” decks. For deck structures, the ‘Precast concrete’

category refers to ‘precast concrete panels’ for the remainder of this report.

2.3.7 Condition Ratings — Deck, Superstructure, and Substructure (Item Nos. 58 through 60)
Overall deck, superstructure, and substructure CRs are used, such that CR 9 indicates excellent
condition, CR 7 indicates good condition, and CR 0 indicates an out-of-service condition.

2.3.8 Condition Rating - Culverts (Item No. 62)

For culverts, Items 58 through 60 are coded as ‘N.’ Therefore, Item 62 is used to evaluate the
overall CR of culverts.

2.3.9 Scour Critical Bridges (Item No. 113)

This item is used to identify bridges that are over waterways for substructure CRs.

24 Analysis Methods

This section provides a brief description of analysis methods. Appendix D describes a detailed
procedure for developing a bridge depreciation model.

2.4.1 Condition Rating Transition History

The frequency of CR transition occurrences is computed for three bridge components (deck,
superstructure, and substructure) and culverts. For example, Figure 2 illustrates GDOT’s historic

trend in bridge deck CR distribution, and Figure 3 shows year-by-year CR transition probabilities
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for the past 25 years. In Figure 3, the first number indicates ‘CR from’ and the second number

specifies ‘CR to’.
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Figure 2 — Condition Rating over the Past 25 Years.
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2.4.2 The Markov Chain Approach

The Markov chain approach (Agrawal et al. 2010) is used to determine bridge deterioration
models, or for this study, bridge depreciation. The Markov chain data generated by a transition
probability matrix is expected to follow the dominant deteriorating behavior observed in Georgia
bridges over the past 25 years. In this process, the most important task for Markov chain models
is to determine reliable CR transition probabilities. For example, Figure 3 presents the two most
frequent CR transition occurrences (e.g., depreciation) found in the Georgia inventory: CR 7 —>
CR7 and CR 6—>CRY7. It also indicates that CR transition trends have remained fairly unchanged
over the past 25 years.

CR transition probabilities are determined by counting CR transition occurrences between
1992 and 2017 in the bridge inventory and are subsequently used to develop a depreciation curve
as illustrated in Figure 4. During this analysis, the NBI data is divided into 39 groups by the
selected attributes described in Section 2.5 in order to determine a transition matrix for each
analysis group. Finally, depreciation curves are generated by the Markov chain process projecting

CRs from the latest (2017) NBI.
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Figure 4 — Sample Depreciation Curve for Superstructure (Agrawal et al. 2010).
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2.4.3 Development of Depreciation Models

The entire Georgia bridge inventory is used to derive a transition probability matrix for each group.
As described in Section 2.4.1, CR transition counts are used to compute the transition probability
matrix P which is raised to the power t (time) as shown in Eq. (1), where p9 indicates the
probability of CR 9 remaining CR 9, and g8 indicates the probability of CR 9 transitioning to CR
8; the other components in the matrix are zero. Finally, Eq. (1) is multiplied by a CR matrix to

determine a depreciation model (Agrawal et al. 2010) for each bridge or culvert group.
p1 t
ql  p2
q2 p3
q3 p4
g4 p5 Eq. (1)
q5 p6
q6 P7
q7 p8
q8 p9l

Pt

Once a depreciation model is constructed according to the above procedure, a plot
illustrating the life cycle of each bridge is generated. Appendices A and B illustrate a sample plot
for culverts and bridges, respectively. For culverts and bridges constructed before 1992, an initial
CR 8 is assigned for the ‘year built’ (see Section 2.3.4) and is linearly decreased to CRs reported
in 1992. Since their construction year predates the oldest NBI database, recorded CRs are not

available.

2.4.4 Hypothesis Test for Validation of Depreciation Models

The depreciation models generated in this study are compared to the depreciation models
developed by the LTBP’s research team. For example, the LTBP’s model includes a natural

degradation model for approximately 3,300 concrete bridge decks in Georgia and about 8,300
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bridges in total. This is approximately 55% of the GA bridge inventory (FHWA LTBP Report
2017). The LTBP’s prediction models provide a fairly consistent depreciation trend resulting in
depreciation rates of approximately 8% in 15 years and 20% in 35 years and are calculated to
consider “natural depreciation” phenomenon as well as to reflect a wide range of variables

influencing bridge performance, such as traffic and load rating.

The Chi-square goodness of fit test is used in this study to determine if there is a significant
relationship between the two predicted depreciation models. In this test, the claim that must be
substantiated (or the alternative hypothesis needed for a statistical analysis) is the two prediction
models are correlated. Therefore, the Chi-square test evaluates the null hypothesis, Ho (that there
is no association between the depreciation models, or the LTBP data are not governed by the
predicted depreciation models in this study) against the alternative hypothesis (that there is a
correlation between the depreciation models). The null hypothesis, Ho, will be rejected if the y?

value evaluated by Eq. (2) exceeds the upper a critical value of the y? for a selected degree of

freedom, where o is the desired level of significance. The formula for the Chi-square distribution

is given in Eq. (2) (Bu et al. 2013; Bu et al. 2014):

k
E(); — A(1),)?
=y EQ @) Fa. 2)

E(t);

i=1

where y? = Chi-square distribution with k — 1 degrees of freedom (DOF); E (t); = expected value

of CR in year i predicted by the Markov chain method; A(t); = value of CR in year i, predicted
by the LTBP study; and k = the number of prediction years.

The critical value depends on the degree of freedom (DOF) and the significance level. A

one-way Chi-square test is conducted, and the DOF is equal to the number of predictions (in years)
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minus one. In this study, bridges with 34 years of predicted CRs at a 5% significance level have a
DOF of 33 and a Chi-square critical value of 47.4. The DOF is limited by 34 years of forecasting
data generated by the LTBP’s research team.

Such a Chi-square test for comparing prediction models is usually carried out as a quality
control measure. In this case, bridge depreciation models developed in the study are affected by
the selected variables described in Section 2.5, which are different from the variables selected in
the LTBP study. By means of a Chi-square goodness of fit test, the reliability of the depreciation
models developed in this study are assured by comparing them against the depreciation models
determined by the LTBP study (FHWA LTBP Draft Report 2017). The results are presented in

Section 3.5.
2.5 Key Attributes Selected for Building Depreciation Models

2.5.1 Culverts

Culverts are separated from bridges and independently analyzed as they differ by physical

characteristics and function.

2.5.2 Bridge Deck Types

Five deck material types are considered in addition to structure types. Material types are expected

to have a notable effect on deterioration rates due to exposure caused by natural climate.

2.5.3 Bridge Superstructure Types

Similar to bridge deck types, five superstructure material types are considered in the NBI data

analysis.
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2.5.4 Bridge Substructure over Waterway

The NBI does not specify substructure types. The study team has reviewed substructure types
available in GDOT’s element-based inspection database and has determined not to include
substructure material types for the following reasons:

(1) The element-based inspection data does not provide complete information for some of the
bridges recorded in the NBI 1992-2017 inventory. Some bridges have been
decommissioned.

(2) There are several combinations of substructure types including abutment, pier, pile, and
foundation types. A permutation of these types results in numerous grouping of bridges.

The study team recognizes that substructure material type is an important attribute that should

be considered for depreciation models. However, due to the above described limitations, another
parameter has been selected: the presence of waterways. Accordingly, two substructure groups are

created to recognize the difference in performance of bridges over waterways and non-waterways.

2.5.5 Geographic Regions

Three major geographic regions of Georgia are identified with reference to twelve bridge
inspection areas as shown in Figure 5. The solid red lines show the geographic boundaries
separating the Northern, Central, and Coastal Georgia regions. The ridge and valley regions are
included in the Northern region. The Coastal region includes a large portion of Georgia’s coastal
plain region (Georgia Info 2018). Bridges are divided into these three regions consistent with their
respective inspection areas to reduce potential human error in the bridge CR data. Moreover, the

three regions are reasonably in line with climate regions (Department of Energy 2012).
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Figure 5 — Three Geographical Regions.

2.5.6 Thirty-Nine Groups Selected for Developing Depreciation Models

A total of 39 analysis groups are created according to the following elements: 1 culvert (vs. bridge),
5 bridge deck types, 5 superstructure types, and 2 substructure sites (waterways/non-waterways)
in 3 geographical regions (i.e., 13 attributes X 3 regions). Table 1 presents the grouping

designations developed in this study.
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Table 1 — Designations Used for 39 Depreciation Models.

Designation # | Component Material Region
101 Culvert n/a Northern
102 Culvert n/a Central
103 Culvert n/a Coastal
211 Deck Concrete Northern
212 Deck Concrete Central
213 Deck Concrete Coastal
221 Deck Metal Northern
222 Deck Metal Central
223 Deck Metal Coastal
231 Deck Precast concrete | Northern
232 Deck Precast concrete | Central
233 Deck Precast concrete | Coastal
241 Deck Timber Northern
242 Deck Timber Central
243 Deck Timber Coastal
251 Deck Other Northern
252 Deck Other Central
253 Deck Other Coastal
311 Superstructure Concrete Northern
312 Superstructure Concrete Central
313 Superstructure Concrete Coastal
321 Superstructure Steel Northern
322 Superstructure Steel Central
323 Superstructure Steel Coastal
331 Superstructure Precast concrete | Northern
332 Superstructure Precast concrete | Central
333 Superstructure Precast concrete | Coastal
341 Superstructure Timber Northern
342 Superstructure Timber Central
343 Superstructure Timber Coastal
351 Superstructure Other Northern
352 Superstructure Other Central
353 Superstructure Other Coastal
401 Substructure (No Waterway) | n/a Northern
402 Substructure (No Waterway) | n/a Central
403 Substructure (No Waterway) | n/a Coastal
501 Substructure (Waterway) n/a Northern
502 Substructure (Waterway) n/a Central
503 Substructure (Waterway) n/a Coastal

Note: (1) n/a = not applicable.




3. RESULTS

3.1 Overview
This section presents the number of transition counts in CRs and depreciation models for the
aforementioned 39 groups of culverts and bridges in the Georgia inventory. A total of 20,710 data
entries (i.e., bridges in service between year 1992 and 2017) are analyzed. This data set includes
26 years of the NBI’s CRs and thus 25 years of CR transitions. The transition counts are shown by
means of a three-dimensional bar chart. This allows a visual identification of the most frequent CR
changes within each group. Based on the CR changes and associated transition probabilities for
each analysis group, depreciation models are determined by the method described in Section 2.4.
The following subsections present the results of the CR data analysis and depreciation models for
each of the 39 groups defined in Section 2.5.6. The models are generated for the next 100 years in
the figures presented in Sections 3.2 and 3.3. Predictions beyond 100 years are not expected to be
used for a life-cycle analysis.

There are two parts to completing depreciation curves. Sections 3.2 and 3.3 present the first
part in which nine depreciation models are developed for each of the 39 bridge groups representing
deteriorating curves of Georgia bridges in CR 1 through CR 9. Then, in the second part, each

bridge is assigned with one of 39 depreciation models according to its latest condition.

3.2  Condition Rating Transitions and Depreciation Models for Culverts

For culverts, three groups of depreciation models are developed. Figure 6 shows the CR transition
counts, which are used to determine a transition matrix for each group. For example, Figure 6(a)
illustrates that the number of transitions from CR 8 to CR 7 is approximately 1,000. Figure 7
illustrates the deterioration models which are used to assign a depreciation model for each culvert,

corresponding to each of the three culvert groups in the bridge inventory. Based on a 1-9 CR scale,
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nine depreciation curves are developed for each culvert group. In addition to the culvert
depreciation models constructed for the three geographic regions shown in Figures 7(a) through
(¢), the depreciation models determined for all regions (three regions combined) are presented in

Figure 7(d) for reference but are not used in this study.
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Figure 6 — Condition Rating Transition Counts in Culverts.
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Figure 7 — Depreciation Models for Culverts.

In Figure 7, the straight depreciation lines (in CR9, CR 2, and CR 3) indicate that there is

no data (i.e., no culverts in such condition) observed and thus do not suggest the CR is expected

to remain unchanged. These lines are not used to assign depreciation models in Section 3.4.



33 Condition Rating Transitions and Depreciation Models for Bridges

Similar to the results presented for culverts, this subsection presents CR transition counts followed
by depreciation models developed for major bridge components (namely, decks, superstructures,
and substructures) with reference to the 36 bridge analysis groups described in Section 2.5.6. The
depreciation models developed for the 12 bridge attributes are presented for all regions (i.e., the
entire state of Georgia) as a point of reference and are not used to assign depreciation models based

on the latest bridge condition in Section 3.4.

3.3.1 Deck

Figures 8 through 17 present the bridge deck CR transition counts over the past 25 years and
corresponding depreciation models determined by analyzing the transitions. The depreciation
models are grouped by five deck material types (concrete, precast concrete, metal, timber, and

other) and subsequently into three geographical regions.

24



L5

Number of CR Transitions

o
|

(a) Decks in the Northern Region

=

Number of CR Transitions =
- %] w B w o

(=]
|

(c) Decks in the Coastal Region

=

Number of CR Transitions =
- (%] w i oo

o
|

(b) Decks in the Central Region

(=1

Number of CR Transitions
o -

o
|

(d) Decks in All Regions

Figure 8 — Condition Rating Transition Counts in Bridge Decks (Concrete).

25



Condition Rating (CR)

Condition Rating (CR)
w

Decks (C

te) in the Northern region

@

.

w

]

=]

20 40 60 80 100
Time (Years)

(a) Decks in the Northern Region
(Model No. 211)

Decks (Concrete) in the Coastal region

@

]

.

w

]
¥

-

=]

20 40 60 80 100
Time (Years)

(c) Decks in the Coastal Region
(Model No. 213)

Condition Rating (CR)

Decks (Concrete) in the Central region

@

Condition Rating (CR)
= w

w

]

=]

20 40 60 80 100
Time (Years)

(b) Decks in the Central Region
(Model No. 212)

Decks (Concrete) in All regions

@

]

.

w

]

=]

20 40 60 80 100
Time (Years)

(d) Decks in All Regions

(For reference)

Figure 9 — Depreciation Models for Bridge Decks (Concrete).
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Figure 11 — Depreciation Models for Bridge Decks (Metal).
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Figure 13 — Depreciation Models for Bridge Decks (Precast concrete).
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Figure 14 — Condition Rating Transition Counts in Bridge Decks (Timber).

31



Condition Rating (CR)

Condition Rating (CR)

Decks (Timber) in the Northern region

20 40 60
Time (Years)

(a) Decks in the Northern Region
(Model No. 241)

Decks (Timber) in the Coastal region

40 60 B0
Time (Years)

20

(c) Decks in the Coastal Region
(Model No. 243)

100

Condition Rating (CR)

Condition Rating (CR)

Decks (Timber) in the Central region

e T
o
" T
A

PRy,

40 60
Time (Years)

80

(b) Decks in the Central Region
(Model No. 242)

Decks (Timber) in All regions

100

40 60
Time (Years)

(d) Decks in All Regions

(For reference)

Figure 15 — Depreciation Models for Bridge Decks (Timber).
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Figure 17 — Depreciation Models for Bridge Decks (Other).

34



3.3.2 Superstructure

Figures 18 through 27 present the bridge superstructure CR transition counts over the past 25 years
and corresponding depreciation models determined by analyzing the NBI data sets (1992-2017).
Just as in the previous section, the depreciation models are grouped by five superstructure material

types (concrete, precast concrete, steel, timber, and other) and then three geographical regions.
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Figure 18 — Condition Rating Transition Counts in Superstructures (Concrete).
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Figure 19 — Depreciation Models for Superstructures (Concrete).
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Figure 20 — Condition Rating Transition Counts in Superstructures (Steel).
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Figure 21 — Depreciation Models for Superstructures (Steel).
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Figure 22 — Condition Rating Transition Counts in Superstructures (Precast concrete).
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Figure 23 — Depreciation Models for Superstructures (Precast concrete).
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Figure 25 — Depreciation Models for Superstructures (Timber).
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Figure 27 — Depreciation Models for Superstructures (Other).
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3.3.3 Substructure

Figures 28 through 31 show the bridge substructure CR transition counts over the past 25 years
and corresponding depreciation models determined by analyzing past transitions. In contrast to
superstructures, bridge substructure models are not divided by material types. They are divided by

the presence of waterways in the Northern, Central, and Coastal regions of Georgia.
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Figure 28 — Condition Rating Transition Counts in Substructures (No Waterway).

45



Condition Rating (CR)

Condition Rating (CR)

Substructures over No Waterway in the Northern region

20 40 60 80 100
Time (Years)

(a) Substructures in the Northern Region

(Model No. 401)

Substructures over No Waterway in the Coastal region

20

Time (Years)

(c) Substructures in the Coastal Region

(Model No. 403)

Condition Rating (CR)

Condition Rating (CR)

Substructures over No Waterway in the Central region

0 20 40 60 80 100
Time (Years)

(b) Substructures in the Central Region
(Model No. 402)

Substructures over No Waterway in All regions

4 Py,
%‘M%% o
3 am&\““\f\'e
¥y
%%“_
? M’N..M ]
4 . |
0 20 40 60 80 100

Time (Years)
(d) Substructures in All Regions

(For reference)

Figure 29 — Depreciation Models for Substructures (No Waterway).
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Figure 30 — Condition Rating Transition Counts in Substructures (over Waterway).
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Figure 31 — Depreciation Models for Substructures (over Waterway).
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3.4  Assignment of 39 Depreciation Models

Each culvert in the NBI 2017 inventory is given one of the 3 depreciation models (101-103)
presented in Section 3.2, and each bridge is assigned 3 depreciation models for its deck,
superstructure, and substructure, respectively, from the remaining 36 models presented in Section

3.3. Appendices A and B illustrate the results.

3.5  Model Validation and Chi-square Test Results

The predicted depreciation models assigned in Section 3.4 are compared with the depreciation
models determined by the LTBP’s research team by performing the Chi-square (y2) test described
in Section 2.4.3 to determine if there is a significant relationship between the two models. The test
data set from the LTBP includes bridge performance predictions of 8,355 Georgia bridges in total.
Thus, depreciation models for the same 8,355 bridges from the current study are analyzed. It is
concluded to reject the null hypothesis and thus accept the alternative hypothesis. That is, the
predicted depreciation models are in reasonable agreement with the depreciation models generated
by the LTBP study. The evidence for this conclusion is presented in greater detail below.

The outcomes of the Chi-square (y?) test are presented in Table 2, which summarizes the
Chi-square values for the selected bridges as well as DOF, the Chi-square critical values at a
significance level of a = 0.05, and the Chi-square percentage. Table 3 provides a summary of all
data analyzed. The Chi-square percentage measured with respect to the critical value
(i.e., x%/x?critical) is computed and shown in the last column of Table 2. A breakdown of the
discretized Chi-square percentages is shown in Table 3, and Figure 32 illustrates the Chi-square

distribution.
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Table 2 — x? Values at a Significance Level of a = 0.05 for Selected Components.

Bridge Bridge x? critical x? percentage
component 1D x> DOF  (a=0.05 (x*/x’critical)*100

100220  10.95 33 47.40 31.14
100310  4.53 33 47.40 12.89

Deck 150070  2.75 33 47.40 7.83
150410  0.23 33 47.40 0.66

150420  0.36 33 47.40 1.01
100220 11.47 33 47.40 32.60
100310  4.87 33 47.40 13.84

Superstructure 150070  2.56 33 47.40 7.27
150410  0.23 33 47.40 0.64

150420  0.38 33 47.40 1.08

100220  8.24 33 47.40 23.42

100310  0.54 33 47.40 1.54

Substructure 150070  0.54 33 47.40 1.54
150410 0.387 33 47.40 1.10

150420  0.52 33 47.40 1.48
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Table 3 — 2 Distribution.

Bridge count

x’discrete Description Deck Superstructure Substructure
10 0< x? percentage <10 4024 3601 3817
20 11< x? percentage <20 1635 1775 1519
30 21< y? percentage <30 749 855 1103
40 31< y? percentage <40 906 890 577
50 41< x? percentage <50 170 224 331
60 51< x? percentage <60 196 277 322
70 61< x? percentage <70 251 272 219
80 71< x? percentage <80 70 70 104
90 81< x? percentage <90 64 95 63
100 91< y? percentage <100 45 58 52
5000
Deck
B SuperStr
1000] o SubStr
S 3000
o
o
o
=)
]
‘s 2000 ~
11]
1000 -
0 -

10 20 30 40 50 60 70 80 90 100 =>100

Discretized Chi-square value

Figure 32 — Discretized Chi-square Distribution for Bridge Deck, Superstructure, and
Substructure.

Notes: (1) SuperStr: Superstructure
(2) SubStr: Substructure
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Below, Figures 33 through 35 illustrate the ¥2 values computed for the 8,355 bridges
analyzed. Most of the deterioration predictions have a Chi-square value well below 100, regardless
of bridge components examined. The calculated Chi-square values of approximately 8,100 bridges
are lower than the critical Chi-square value of 47.4 at a significance level of a = 0.05. The 8,100
bridges represent 97% of the 8,355 bridges tested (see Figure 32). This suggests that the difference
in long-term bridge performance predictions as a whole is considered insignificant although some
discrepancy exists in the test data sets as illustrated in the figures below. The y-axis chi-square
values in Figures 33 through 35 correspond to the x-axis chi-square values shown in Figure 32. In
Figures 33 through 35, however, each data point (for bridge deck, superstructure, and substructure)
with the chi-square value between 0 and 100, or greater than 100, is explicitly shown.

In summary, the Chi-square test evaluates the null hypothesis, Ho (that the LTBP data are
not governed by the predicted models). The null hypothesis, Ho, is rejected because the y? value
does not exceed the critical y? value (computed with a 95% confidence interval) 97% of the time.
The high probability (>95%) provides sufficient evidence to reject the null hypothesis and accept

the alternative hypothesis (that the two prediction models are correlated).
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Figure 33 — Chi-square Scatter Plot for Bridge Decks.
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3.6 Estimated Time Increments for CR Transitions

In Sections 3.2 and 3.3, nonlinear depreciation curves are developed for each culvert and bridge
in Georgia’s NBI. However, the required input by the AASHTO BrM software includes the
duration of estimated time for each CR change. For instance, it takes about 26 years for a CR
change from 7 to 6 for a concrete bridge deck located in the Northern Georgia region, and then it
takes another 44 years for a CR transition from 6 to 5. Therefore, this indicates that a concrete
deck with a CR of 7 is estimated to realize a CR of 5 in the next 70 years.

In summary, discrete-time increments are required for each CR transition for use in the
AASHTO BrM software. They are determined for each culvert and bridge component in the
Georgia inventory for the next 100+ years in order to capture as many CR changes as possible. For
illustration, Table 4 shows the time increments estimated for a concrete bridge deck in the Northern
region (ID 1150320 with a deck CR of 7). The input file is created by completing the table for each
of the culverts and bridge components (14,863 in total) present in the latest (2017) inventory.

Table 4 — Discrete-time Increments (in Years) Estimated for CR Transitions.

Bridge ID | Time increment CR9—>8 | 8—>7 | 7—>6 | 6—>5 |5—>4 |4->3 |3->2 |2—>1

1150320 0* 0* 26 44 90 140 0** 0**

Notes:

(1) “0*’ indicates not applicable as the bridge’s current CR is 7 (the red line in Figure 36).

(2) “0**’ indicates no significant change in CR to substantiate a depreciation model as the CR 7
curve eventually plateaus. This information will not be used for a life-cycle analysis.
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Figure 36 — Nonlinear Depreciation Curves for Concrete Decks.

54



3.7 Summary of Findings
The results of depreciation models with 13 variables and 3 geographic locations influencing bridge
performance are presented in this section. The effect of each variable is listed below:

e Geographic locations affect depreciation rates to a varying degree when culverts and
bridges are analyzed with different attributes. However, there is an overall trend in the
results: bridges/culverts in the Northern and Coastal regions have the fastest and slowest
depreciation rates, respectively, with rates in the Central region falling in between.

e Culverts as a whole depreciate slightly faster than concrete decks. They depreciate slightly
faster when located in the Northern region although the difference is small (see Figures 7
and 9).

e Concrete bridge decks, particularly those in good condition (i.e., CR 7), in the Northern
region depreciate twice as fast as those located in the Coastal region (see Figures 9a and
9¢).

e Metal decks in Northern Georgia, including corrugated steel decks, particularly those in
satisfactory condition (i.e., CR 6), depreciate much faster than those located in the Coastal
region (see Figures 11a and 11c). Metal decks overall depreciate faster than concrete
decks (see Figures 9d and 11d).

e Depreciation rates between precast and cast-in-place concrete decks are not appreciably
different (see Figures 9d and 13d).

e Depreciation rates in timber decks are the fastest of all bridge deck models (see Figure
15). Timber decks in good condition (i.e., CR 7—CR6) depreciate twice as fast as concrete

decks (see Figures 15d and 9d).
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For other deck material types, deterioration rates are overall significantly faster for bridges
in the Northern region than for those in the Coastal region (see Figures 17a and 17c¢). This
may be due to the number of bridges in the Coastal region (see Figure 16c).

For both concrete and steel superstructures, depreciation rates are generally faster in the
Northern region, although the CR7 rates for steel structures are almost twice as fast as the
rates for concrete structures (see Figures 19 and 21).

Depreciation rates for precast concrete superstructures are slightly slower than the rates for
concrete structures (see Figures 19d and 23d). Overall, precast concrete superstructures
rarely fall below CR 6 (see Figures 22d and 23d).

Similar to the timber bridge deck depreciation rates, the depreciation rates for timber
superstructures are drastically faster than the rates for superstructures made of other
materials, particularly in the Northern region (see Figure 25).

Superstructures that fall into the remaining types yield similar results to the deck
depreciation models. That is, depreciation rates are mostly slower in the Coastal region
compared to rates in the other regions (see Figure 27). This may be attributed to the fact
that more structures exist in the Coastal region than in the other regions (see Figure 26).
Substructures in good condition (e.g., CR7) depreciate twice as fast in Northern Georgia
compared to those in Coastal Georgia when they do not cross waterways (see Figures 29a
and 29c). This trend exists in substructures over waterways although the geographic
variation is not as influential on deterioration rates (see Figures 31a and 31c).

In contrast, the presence of waterways significantly affects deterioration rates.
Substructures over waterways depreciate almost twice as fast as those over non-waterways,

particularly those in satisfactory condition or CR 6 (see Figures 29d and 31d).
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Among the three major bridge components, substructures, particularly those over
waterways, have the fastest depreciation rates (see Figure 31). Bridge decks depreciate
faster than superstructures when bridges with concrete (or precast concrete) superstructures

and concrete decks are considered (see Figures 9, 19, and 23).
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4. DISCUSSION AND LIMITATIONS
As discussed in the objectives in Section 1.5, this study is designed to develop depreciation models
for all bridges and culverts in Georgia. This section contains a discussion of the findings and

limitations that can be drawn from the results.

4.1 Discussion

A total of 39 depreciation models have been established with key attributes, including material
types and geographical locations. These variables affect depreciation rates although some had an
insignificant influence on the rates. The Chi-square test confirms that the relatively simple
depreciation models developed herein do not significantly differ from those determined by the
LTBP study, which was a complex parameter analysis on a national scale. This outcome may
indicate that the variables considered for a national study do not meaningfully affect the
depreciation models of bridges in Georgia. For example, the freeze-thaw cycle was identified as
one of the most important variables for a national study, yet this parameter should have little
influence on the majority of Georgia bridges. Furthermore, traffic counts (e.g., average annual
daily truck traffic) and load ratings as documented in the NBI may not have a significant influence
on bridge performance.

Age is another significant variable considered in the LTBP study; however, with the
Markov approach, the number of CR transitions in the inventory significantly reduces when the
bridge data are further broken down into age groups. Moreover, by creating age groups in the
current study, deck replacements or rehabilitation efforts associated with aged bridges could yield
misleading transition probabilities. With the Markov approach, the age effect is indirectly reflected

by considering the history of CR transitions. Therefore, despite not considering age, the
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depreciation models appear to be well correlated with the prediction models recommended by the

LTBP’s research team.

4.2  Acknowledgement of Limitations

The limitations of this study include the selection of the key attributes presented in Section 2.5. As
discussed in Section 4.1, it should be acknowledged that there are factors such as age and annual
average daily truck traffic which are not included in this study and may affect the prediction of
bridge performance. This study indicates that there may be considerable disparity in the effect of
attributes on the depreciation models. That is, selected attributes affect the depreciation models to
a varying degree. In addition, the attributes influencing bridge performance are selected without
explicit selection criteria, and thus the results may be prone to a selection bias. Therefore, a
parameter correlation study is necessary for identifying critical attributes. For example, annual
average daily truck traffic should be used to instruct how asset utilization affects the depreciation
rates.

It should also be recognized that the Markov approach used herein heavily relies on the
number of bridge CR transitions in each group. Groups are divided by key attributes that could
affect bridge deterioration. Thus as the number of variables increases, bridges are broken into
smaller analysis groups. This, in turn, results in an analysis of a CR transition probability based on
a reduced number of CR changes. That is, the sampling size is reduced to a degree where no data
is observed in a group. In order to substantiate a bridge depreciation prediction model, the sampling
size (i.e., the number of CR transitions) has to be reasonable. Based on the experience of analyzing
the NBI data sets, a sample size of 15 or greater yields a reasonable depreciation curve. When

additional attributes are considered, the accuracy in a depreciation model may improve at the cost
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of reduced reliability in another model. In analyzing the NBI data with limited sample sizes, a
reasonable balance between accuracy and reliability must be considered.

One of the limitations of this research study was the constitution of the sample. First, CRs
were not randomly selected from a larger population in the study. Due to limited sample sizes, the
entire inventory is used. This might have biased the sample. The sample was also relatively
homogeneous with mostly concrete or precast concrete bridges although they are analyzed
independently from other types. Finally, the results may not be generalized to other bridge types,
particularly those in other states with greater seasonal climate variations and traffic intensities.

The LTBP study provides a point of validation by means of a Chi-square test. However,
since the NBI data in this study are also used for the LTBP study, the comparative data set used
for the Chi-square test might have been biased. This conclusion is unlikely because the prediction
models from the LTBP study are constructed based on the natural depreciation observed in selected
bridges and considering a wide range of variables not used in the current study. A blind prediction
of bridge deterioration and a comparison of the two (this study and LTBP) models might have
been more desirable. This is because there is always a possibility that an outcome bias can occur

in evaluating depreciation prediction models if the outcome of the LTBP study were known.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1

Conclusions

In this study, a total of 39 depreciation models are developed for culverts and bridges in the latest

(2017) NBI, featuring 3 for culverts and 36 for bridges. The effects of bridge deck and

superstructure material types and geographic locations are considered in constructing the

deterioration prediction models for bridges with 9 Condition Ratings (CRs) on a discrete 1-9 scale.

In addition, the presence of waterways is considered for substructures. Based on the findings of

this study, the following conclusions are made:

1.

2.

Material types affect the performance of bridge decks and superstructures.
There is a distinct difference in the performance of bridge decks, superstructures, and sub-
structures between the Northern and Coastal regions. Overall, bridges and culverts
depreciate faster in the Northern region. The depreciation rates for bridges in the Central
region generally fall in between rates for the Northern and Coastal regions.
The presence of a waterway significantly affects the performance of substructures.
The depreciation models established in this study are well correlated with the depreciation
models developed for selected bridges in the LTBP study. A Chi-square test confirms the
results, and thus it is concluded to accept the alternative hypothesis that the two bridge
condition prediction models are correlated.
A total of 39 depreciation models are developed in this study:

e There are a total of three models available for culverts with reference to three

geographical locations (Northern, Central, and Coastal Georgia).
e There are 15 bridge deck and 15 superstructure models consisting of 5 material

types in each of the 3 geographic regions.
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e Finally, 6 depreciation models are available for bridge substructures crossing

waterways and non-waterways in the three regions.

6. The 39 depreciation models have been assigned to approximately 15,000 culverts and

5.2

bridges’ major components (deck, superstructure, and substructure) present in the latest

(2017) NBL

Recommendations and Future Studies

The following recommendations are made for future studies:

1.

The NBI (1992-2017) dataset was instrumental in building the depreciation models
presented in this report and understanding major attributes influencing the performance of
bridges in Georgia. Therefore, such information should be well maintained and further
analyzed until more recent element-based inspection data are fully able to provide the basis
for establishing more accurate prediction models. Accordingly, continuous management of
bridge performance data (both traditional NBI CRs and element-based inspection states) is
highly recommended to better understand major changes in bridge asset performance in
Georgia.

Traditional NBI CR data and depreciation models should be used to further improve bridge
performance prediction models using bridge element-based inspection data. Changes in
CR from the NBI CR records should be a powerful comparative tool for building element-
based inspection depreciation models, showing what it means to attain a CR drop of 1 or
greater on a 0-9 scale when selected elements are significantly deteriorated. Research on
learning the difference between the NBI CR-based and element-based depreciation models

is highly recommended.
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Up-to-date traffic information is necessary to address asset utilization and increase the
accuracy of depreciation prediction models.

A life-cycle cost analysis is better performed when digital collections of rehabilitation and
maintenance cost information become available and are effectively delivered to a bridge
asset manager. Therefore, continuous effort in bridge asset valuation/management is highly
recommended.

GDOT’s risk assessment framework consists of economic impact and condition based
priorities (TAMP 2018). In addition to a life-cycle analysis, establishing a relationship
between the priorities is strongly recommended.

Finally, it is recommended to periodically analyze growing data sets in the bridge inventory,

digitally document the findings, and allow time to reflect on major findings.
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Appendix A — Sample Culvert CR History and Depreciation Model

9
Bridge 1D:
27300170
8 Estimated CR
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Figure A1 — CR History and Depreciation Model for a Culvert.
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Appendix B — Sample Bridge CR History and Depreciation Models

Condition Rating (CR)
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Bridge ID:
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Projected CR
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~ Projected CR
{Sub-structure)
= Year Constructed

Figure B1 — CR History and Depreciation Models for a Bridge.
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Appendix C — List of Electronic Submittals

C.1 Microsoft Excel spreadsheet file including the BrM input data (i.e., predicted time increments
for each CR change organized by Bridge IDs).

C.2 MATLAB codes and Microsoft Excel output files used for the NBI data analysis.

C.3 PDF files including a plot of CR history and depreciation models for each bridge (the files are
named according to Bridge IDs) similar to Appendices A and B.
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Appendix D — Bridge Depreciation Model Development Guide
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SUMMARY

This guide describes how one develops a bridge depreciation model using National Bridge
Inventory (NBI) data. It demonstrates the process by analyzing selected condition ratings (CRs)
between years 1992 and 2017. The goal of this report is to describe a step-by-step procedure for
forecasting bridge performance and for identifying anomalous results, if any. Transition
probabilities affect the shape of depreciation models. When the probability of bridges transitioning
to a lower CR is less than 3%, the depreciation model remains linear. Overall, the transition
probability has to be less than 1% to yield a more desirable depreciation model. For example, when
10% of bridges with a CR 8 transition to a CR 7, the depreciation model should contain a sharp
declining nonlinear curve within the first 15 years. Lastly, this guide reviews historical data in

order to validate a ‘CR8’ depreciation model.



1. INTRODUCTION

1.1 Background and Scope
State Departments of Transportation maintain an inventory of over 15,000 bridges. Each state
agency is responsible for making transportation asset management decisions based on past and
present bridge performance. This report describes how one evaluates bridge depreciation using
condition ratings (CRs). The CR data is available in the National Bridge Inventory (FHWA, 2019).
Depreciation represents the consumption of a bridge asset. Bridge inspectors quantify the
level of consumption on a discrete 0-9 scale. CR 9 indicates an excellent condition (no
depreciation), CR 7 indicates a good condition, CR 3 indicates a poor condition, and CR 0
indicates an out-of-service condition. A depreciation model evaluates how a bridge should
perform in the future. Thus, for the purposes of this guide, the terms ‘bridge performance’ and

‘depreciation’ are interchangeable.

1.2 Objectives
This guide describes a procedure for developing a bridge depreciation model. More specifically,
this document:

1) Provides a step-by-step process for predicting bridge performance;

2) Shows an ideal model and describes how to identify anomalous results, if any; and

3) Presents a validation process.



2. DEVELOPING A BRIDGE DEPRECIATION MODEL

The Markov-chain approach (Agrawal et al., 2010) is the most widespread method for forecasting
bridge performance. It uses the probability of transitioning from one condition state to another and
mathematically determines a decrease in CR over time. Figure 1 illustrates the progressive order

for determining a depreciation model

Step 1

Retrieve the National Bridge Inventory data.

Step 2
Align bridge IDs with CRs.

Step 3

Count the number of changes in CRs
(between 2 consecutive years).

Step 4
Determine the transition probability.

Step 5

Develop a depreciation model (as reduction in CRs).

Figure 1 — A Process Chart.



2.1 Step No. 1 — Retrieve the NBI data

The National Bridge Inventory (NBI) database represents “bridge data submitted annually to the
Federal Highway Administration (FHWA) by the States, Federal agencies, and Tribal
governments” (FHWA, 1995). A total of 26 NBI data sets exist for the past 26 years (1992-2017).
Each data set contains bridge identifications (IDs) and condition ratings (CR). For example, a

bridge ID appears as ‘29000101°. It is a unique identifier for each bridge within a state.

€3 2017 - Download NBI ASClI files X +

&« > C & httpsy//www.fhwa.dot.gov/bridge/nbi/ascii2017.cfm

Bridges & Structures

Structures Geotech Hydraulics Safety and Management

- Bridge Inspection Tunnel Inspection Bridge Preservation Bridge Management Bridge Programs
Load Rating NBIS

Home / Programs / Bridges & Structures / Safety / Eridge Inspection / Nafional Bridge Inventory / Download NBI ASCII files / 2017

Download NBI ASCII files 2017

Note: A status considering the "10 Year Rule” and a status not censidering the "10 Year Rule” is now contained in the data files available for downlead. Record layout describes the pesitioning of the data items. Further discussion of
deficiency status can be found at https:/fwww fhwa dot gov/bridge/britab cfm

Delimited Files

No Delimiter
« Download Highway Bridges for all States (individual state files) as a zip file (51 mb)
s Download Highway Bridges for all States (all states in a single file) as a zip file (51 mb),

= Download all records. Includes non-highway and routes under bridges zip file (56 mb)

No Delimiters

State | No. Highway Bridges
Alabama 16,129
Alaska 1568
Arizona 8,289
Arkansas 12 864
California 25,657
Colorada 817
Connecticut 4238
Delaware 879
District of Columbia 245
Florida 12,355
Georgia 14,863

Figure 2 — A Screen Capture of NBl Data Download (Source: FHWA, 2019).



2.2 Step No. 2 - Align Bridge IDs with CRs
Over the last 26 years, state DOTs have constructed new bridges as well as replaced or
decommissioned old bridges. As a result, bridge IDs in a bridge inventory vary every year. Table

1 shows realigned bridge IDs and CRs.

Table 1 — Alignment of Bridge IDs and CRs (for lllustration Only).

Condition Rating (CR)
Bridge ID \ Year
1992 [ 1993 | 1994 ... 2014 2015 2016 2017

29000101 8 8 8 .. |8 7 7 Countih6
29000500 NA® [NA |NA ... |NA 8 8 8
39011101© 3 8 SCount#l... |8 8 7 7
39011102 8 7 7 .. |6 6 6y s 0 6
39011103@ 6 6 6 .. |4 D D |D

Q.

Notes: (a) new bridge; (b) NA — not applicable; (c) replaced; (d) D-decommissioned.



2.3 Step No. 3 — Count the Number of Transitions in CRs
A transition indicates the change from one CR to another CR between two consecutive years. For

example, in Table 1, three transitions from CR 8 to CR 7 occur.

X

Y
O o
f =

Number of CR Transitions

CR from

Figure 3 — CR Transition Counts in a 3-Dimensional Bar Chart.

Figure 3 shows the number of CR transitions in the vertical axis. The other two axes
represent ‘CR from’ and ‘CR to’, respectively. For instance, this chart contains an analysis 8,000
bridges. Between years 1992 and 2017, 1,500 transitions occur from CR 8 to CR 7 (illustrated
above). A total of 14,900 transitions from CR 8 to CR8 or the other CRs occur. 13,400 instances
from CR 8 to CR 8 occur. This means that nearly 10% (=1,500/14,900) of the bridges with a CR

8 transition to a CR 7.



2.4 Step No. 4 — Determine the Transition Probability

The transition probability determines a probability of transitioning from one CR to another CR. For
example, in Figure 3, the probability of a CR 8 transitioning to a CR 7 is 10%. As a result, the
probability of a CR 8 remaining in CR 8 is 90%. Table 2 shows a transition probability matrix for

the bridges presented in Figure 3. No CR 9 exists in the bridge inventory.

Table 2 - Transition Probability Matrix (%), P.

Probability (%) Transitioning to CR

CR 1 2 3 4 5 [ 7 8 9

1 1 0 0 0 0 0 0 0 0

2 1 99 0 0 0 0 0 0 0

3 0 2 98 0 0 0 0 0 0

Transitioning 4 0 0 1 99 0 0 0 0 0
from CR 5 0 0 0 2 98 0 0 0 0
6 0 0 0 0 2 98 0 0 0

7 0 0 0 0 0 3 97 0 0

8 0 0 0 0 0 0 10 90 0

9 0 0 0 0 0 0 0 0 0




2.5 Step No. 5 — Develop a Depreciation Model
The Markov-chain method (Agrawal et al., 2010) uses a matrix analysis shown in Eq. (1) and

evaluates CR predictions. P is the transition probability matrix shown in the previous section. YR

represents the future years.

CR 8 predictions in YR = [0,1,0,0,0,0,0,0,0] P'R[9,8,...,2,1]

CR 7 predictions in YR =[0,0,1,0,0,0,0,0,0] PYR[9,8,....21] +evovevveeeeeeeecenans Eq. (2)

For instance, in the next 10 years, CR 8 will transition to a condition rating =

[0,1,0,0,0,0,0,0,0] P [9,8,...,2,1]. A similar process is used for the other CRs. Eq. (2) predicts
CRs for bridges currently with CR 7.

Condition Rating {CR)

1 1 1 1 3
0 50 100 150 200
Time (Years)

Figure 4 — Depreciation Predictions (for lllustration Only).

Figure 4 illustrates depreciation prediction models in terms of reduction in CRs. This figure
indicates that it takes about 60 years for bridges with CR 7 to transition to CR 6 (Point a). On the

other hand, it takes approximately 15 years for bridges with CR 8 to transition to CR 7 (Point b).



3. ANALYZING RESULTS

3.1 Ideal versus Predicted Depreciation Models
In general, bridge depreciation occurs very slowly when a bridge is new. As the bridge ages, the
depreciation occurs at a faster rate, as illustrated in Figure 5(a). In contrast, in Figure 5(b), the

depreciation curve for CR 8 is unusually steep in the first 10 years.

Bridge Preservation Program

Prevenlive Maintenance

Good \

,-5_ Eridge

3 ror =

0

Q Bridge
Poor Replacement

Program
Severe \
Time
(a) Ideal Bridge Performance (Source: FHWA, 2018).
8 Unusually steep

Condition Rating {CR)

1 e e = i
0 50 100 150 200

Time (Years)
(b) Predicted Bridge Performance.

Figure 5 — CR Transition Counts in a 3-Dimensional Bar Chart.



3.2 Sensitivity Analysis on Transition Probability

Transition probabilities affect bridge performance forecasting. Figure 6 shows the shapes of

depre

declin

ciation models for varying transition probabilities. For a ‘CR8’ depreciation model to yield a

ing straight line, the transition probability must be less than 3% (Figure 6b). With the

transition probability of less than 1% (Figure 6a), the shape approaches to the ideal depreciation

curve

Condition Rating (CR)

Condition Rating {CR)

shown in Figure 5a.

o

-

6

3
22
o
L=
®
o
c
k=
=3
=
o
[~

2 2
! 0 5I[J 1(IJO 1._%0 2[IJO ! 0 5I[J 1(IJO 1._%0 2[IJO
Time (Years) Time (Years)
(a) Transition Probability = 1 % (b) Transition Probability = 3%
(CR8 - CR7) (CR8 - CR7)

Candition Rating (CR)

0 50 100 150 200 0 50 100

Time (Years) Time (Years)
(c) Transition Probability = 10% (d) Transition Probability = 20%
(CR8 - CR7) (CR8 - CR7)

150 200

Figure 6 — Depreciation Models for Varying Transition Probabilities.



3.3 Validation of the ‘CR8’ Depreciation Model

Figure 7 shows the change in the number of bridges with a CR 8. In 1997, 800 bridges were 10
years old (Point A). By 2007, these bridges were 20 years old (Point B). Only 50% remained in
CR 8. In 2017, only 100 bridges maintained a CR 8 (Point C). These changes explain the steep

decline in CR8 (see Figure 5b).

1000
Inspection Year
Point A (1997

800 (1997) —0=2017
) 2012
S
2 2002
Y—
o Point B (2007)
8 400 1997
S
=)
pa

200

0 Point C (2017) —~—— S - |

10 20 30 40 50 60 70 80 90 100 120
Bridge Age Groups (Years)

Figure 7 — The Number of Bridges with a CR 8 by Inspection Year.
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4. CONCLUSIONS

This guide presents a step-by-step process for developing a deterioration model for bridges. The
number of CR changes in the National Bridge Inventory data determines a transition probability.
It affects the shape of depreciation models and is a key component in predicting bridge

performance. Lastly, reviewing historical data is a good way to validate a depreciation model.

11



REFERENCES

1. Agrawal, A. K., Kawaguchi, A., & Chen, Z. (2010). Deterioration rates of typical bridge elements
in New York. Journal of Bridge Engineering, 15(4), 419-429.

2. Federal Highway Administration, FHWA (2018). Bridge preservation guide: maintaining a
resilient infrastructure to preserve mobility, Publication No. FHWA-HIF-18-022. Washington, DC.
3. FHWA (2019). National Bridge Inventory.

https://www.fhwa.dot.gov/bridge/nbi/ascii.cfm. Accessed on March 11, 2019.

4. FHWA (1995). The Recording and Coding Guide for the Structure Inventory and Appraisal of

Nation’s Bridges. https://www.fhwa.dot.gov/bridge/mtguide.pdf. Accessed on March 10, 2019.

12


https://www.fhwa.dot.gov/bridge/mtguide.pdf
https://www.fhwa.dot.gov/bridge/nbi/ascii.cfm

	GDOT RP 18-30 Draft final report
	Appendix D Guide




Accessibility Report





		Filename: 

		18-30.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 0



		Passed manually: 2



		Failed manually: 0



		Skipped: 0



		Passed: 28



		Failed: 2







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Passed manually		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Passed manually		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Failed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Failed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Passed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



