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EXECUTIVE SUMMARY

Efficient, economical, and safe movement of people and goods by various transportation modes is critical
to a society in meeting its goals toward economic progress, social welfare, and emergency preparedness.
Each year, a major share of public sector investments is made to preserve, operate, and build
transportation infrastructure. Population growth and economic development have led to a steady increase
in travel demand, which has in turn led to accelerated deterioration of physical highway asset conditions
and increased concerns over congestion, safety, and the environment. Consequently, there has been an
increased pressure to upgrade physical asset conditions and to improve system operations within a
constrained budget. Responding to these challenges, transportation agencies are increasingly adopting
asset management concepts that identify needs of the entire highway system and strategically determine
optimal investments in a holistic and proactive manner.

Study Objectives. One of the key steps in the highway investment decision-making process is to
realistically estimate the benefits of highway projects in the physical asset useful service life-cycle. The
existing life-cycle costing approaches for highway project evaluation maintain limited capacity of
risk-based analysis by incorporating probabilistic risk assessments of input factors such as construction,
rehabilitation, and maintenance costs; travel demand; and discount rates that are inherited with risks.
However, they do not explicitly address cases where those input factors are under uncertainty with no
definable probability distributions. Moreover, existing models for project selection are typically suited for
a specific type of physical highway assets (such as pavements and bridges) or a single aspect of system
operations (such as safety and congestion) and they do not consider uncertainty associated with the
available budget. Therefore, they will at best produce locally optimal investment decisions. The proposed
research aims to develop a new methodology for project evaluation that rigorously handles input factors
under certainty, risk and uncertainty; and a stochastic model for integrated project selection using
different tradeoff methods under budget uncertainty.

A Generalized Methodology for Highway Project Evaluation. Project life-cycle cost analyses estimate
costs incurred over the physical highway asset useful service life. As such, it provides a basis for
comparing various investment alternatives. Typical physical asset life-cycle activity profiles, represented
by the timing, frequency, and magnitude of treatments occurred over the physical asset useful service life,
propose the best combination of treatments taken to minimize the overall life-cycle costs. In the current
study, typical highway life-cycle activity profiles are established for two types of pavements and nine types
of bridges, respectively. For non-pavement and non-bridge projects, the benefits are indirectly estimated
using the pavement and bridge asset related life-cycle activity profiles.

Agency and user costs are separately considered in project life-cycle cost analyses. Agency costs include
costs of construction, rehabilitation, and maintenance. User costs cover cost items of vehicle operation,
travel time, vehicle crashes, and vehicle air emissions under normal operation and work zone conditions,
respectively. The agency costs and individual user cost items in physical asset service life-cycle are
separately computed according to the typical physical asset life-cycle activity profiles. The differences of
life-cycle agency and user costs between the actual and the typical physical asset life-cycle activity
profiles are regarded as agency and user benefits, correspondingly. The overall project benefits in the
physical asset’s one service life-cycle are the aggregation of agency and user benefits. Further, the overall
project benefits in physical asset’s one service life are expanded to perpetuity time horizon to establish the
overall project benefits in perpetuity.

Project life-cycle agency and user costs, and project benefits will change according to changes in factors
regarding construction, rehabilitation, and maintenance costs; traffic demand; and discount rates over time.
These factors are identified as primary input factors for risk-based project benefit estimation. The
mathematical expectation of project benefits is determined for each project by assigning probability
distributions to the above input factors.
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The above factors selected for risk-based analyses may not be exactly characterized by reliable
probability distributions. Consequently, a meaningful mathematical expectation for an input factor may
not be established and this invalidates risk-based analysis, thereby necessitating the uncertainty-based
analysis. Shackle’s model overcomes the limitation of inability to compute the mathematical expectation.
The model first determines an expected outcome as the mean or mode of a number of possible outcomes.
It then uses the degree of surprise as a measure of uncertainty associated with a number of possible
outcomes of the factor in place of a probability distribution. Then, it establishes a priority weighting index
by jointly evaluating each pair of a possible outcome and its degree of surprise. Finally, it identifies two
outcomes maintaining maximum priority weighting indices separately on the gain side from the expected
outcome and the loss side from the expected outcome. The two outcomes are terms as the focus gain
outcome and the focus loss outcome. This model helps establish a triple set comprised of the expected
outcome, focus gain outcome, and focus loss outcome. As an extension of Shackle’s model for
uncertainty-based analysis, a decision rule is introduced to calculate a unique value for the input factor
under uncertainty using information on the expected outcome, focus gain outcome, and focus loss
outcome. The unique value is then used for computing project benefits under uncertainty.

The degree of uncertainty associated with an input factor for estimating the benefits of a highway project
can be classified as certainty, risk or uncertainty. A generalized methodology for highway project
evaluation with input factors under certainty, risk, and uncertainty is then introduced. If an input factor is
under certainty, its single value is directly used. If an input factor is under risk, the mathematical
expectation of the factor based on the probabilistic risk assessment can be determined. If an input factor is
under uncertainty, a single-valued outcome of the factor can be estimated according to a preset decision
rule in the extension of Shackle’s model. The values of input factors separately determined under
certainty, risk, and uncertainty can be used to compute the overall benefits of a highway project in the
physical asset’s one service life-cycle and in perpetuity horizon, respectively. The developed
methodology offers flexibility for the decision-maker to consider any combination of input factors under
certainty, risk or uncertainty and it could be applied to estimate the amount of benefits associated with
sub-project benefit items (if a specific benefit item is further separable) under certainty, risk or
uncertainty in accordance with available information. For instance, vehicle operating costs consist of fuel
and oil use, tire wear, vehicle maintenance, and vehicle depreciation. The benefits associated with
reduction in vehicle operating costs can be computed by separately estimating each of the sub-benefit
items under vehicle operating costs according to the relevant input factors under certainty, risk or
uncertainty. The respective amounts of benefits concerning the sub-benefit items can then be combined to
arrive at the total benefits as the reduction in vehicle operation costs.

A Stochastic Model for Highway Project Selection. In the current practices, state transportation agencies
have typically established different highway asset management programs like pavement and bridge
preservation, safety and roadside improvements, system expansion, Intelligent Transportation Systems
installations, and maintenance programs to manage different types of physical highway assets and system
operations. Budgets allocated for different programs are generally not transferable. However, multiyear
budgets for each management program may be handled in two ways: either being treated as year-by-year
constrained budgets or as a cumulative budget for all years combined. In the contracting process, projects
related to multiple types of highway assets and/or multiple aspects of system operations are grouped into
contract packages. One contract may contain multiple projects, requesting funds across different
management programs, and it may be funded over multiple years. Selection of the contract necessitates
selecting all constituent projects. Otherwise, all underlying projects must be declined. The project
interdependency relationships need to be explicitly handled in the project selection process. In addition,
highway investment decisions are usually made based on an estimated budget years ahead of the project
implementation period. As time passes by updated budget information would become available, project
selection decisions thus must be updated accordingly to maintain realistic results.
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The project selection that aims to select a subset from all economically feasible candidate projects for
maximized overall project benefits must address issues of budget constraints by management program
category, project interdependency relationships for individual contracts, and budget uncertainty. A
stochastic optimization model, along with an efficient solution algorithm, is developed for network-level
highway project selection. The model is formulated as the stochastic multi-choice multidimensional
Knapsack problem with Q-stage budget recourses to explicitly address budget constraint, project
interdependency, and budget uncertainty issues. The model can be applied to any combination of multiple
management programs and multiple analysis years, and the budget profile may be updated any number of
times according to updated budget information. In addition, the model facilitates the implementation of
contract-, corridor-, and deferment-based project tradeoff analysis methods in the project selection
process. The objectivity, flexibility, robustness, and holistic nature of the developed stochastic model
would ensure achieving truly global optimal investment decisions.

A Case Study. Data on projects proposed for Indiana state highway programming for period 1996-2006
are used in a case study to validate the developed methodology and model. The eleven-year data contain
7,380 projects that belong to 5,068 contracts. Based on the confidence levels in the extent of input factor
variability, project benefit items concerning the reduction of life-cycle agency costs of construction,
rehabilitation, and maintenance; vehicle operating costs; and vehicle emission costs are selected for
risk-based analyses, while benefit items associated with the decrease in travel time and vehicle crashes are
chosen for uncertainty-based analyses. The present worth of project benefits estimated in perpetuity
horizon, the present worth of project costs directly provided, and available budgets are utilized as the
basis of project selection. Two budget constraint scenarios (the yearly constrained budgets and the
cumulative budget), four budget recourse stages (initially estimated budget and three-time updated
budgets in the multi-year analysis period), and three tradeoff methods (contract-, corridor-, and
deferment-based tradeoffs) are used for project selection in the case study.

The case study results reveal that corridor-based and deferment-based project tradeoff analysis methods
do not necessarily generate higher overall benefits from the selected contracts as compared to the overall
benefits of contracts selected using the contract-based tradeoff method. For each budget recourse stage
and tradeoff method combination, a higher number of contracts is selected under the cumulative budget
scenario and slightly higher overall benefits of selected contracts under the cumulative budget scenario
are also achieved. This is attributable to fewer constraints in the optimization process, yielding a better
solution. Except for the last several years without accurate budget information, high matching percentages
are consistently obtained between contracts selected using the stochastic model according to different
budget constraint, budget uncertainty, and tradeoff analysis method combinations and contracts actually
authorized for implementation.

The developed methodology for highway project evaluation offers flexibility while being robust, without
limiting any combination of the input factors for estimating project benefits under certainty, risk or
uncertainty. The proposed stochastic model for highway project selection that explicitly addresses budget
constraint, project interdependency, and budget uncertainty issues and facilitates implementing different
project tradeoff analysis methods offers new possibilities for transportation agencies to improve the
efficiency of investment decisions.
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CHAPTER 1:
INTRODUCTION

Highway preservation, operation, and improvement programs account for a substantial portion of the
budget in almost every state, county, and locality. With such large sums at stake, it is important to deliver
the best possible return on investment. Deciding which highway projects to fund usually turns out to be a
complicated process. Projects are often intertwined: completion of one project may necessary to make
another project or phase viable. Schedules and cost estimates are sometimes hard to pin down: even minor
shifts in the cost or timing of one project can have a ripple effect on the rest of the program. Most
agencies appoint some types of expert panel to guide the decision-making process, but even the most
experienced panels are not always successful in consistently selecting the combination of projects that
results in the highest overall benefits. Decisions that seem wise on day one may suddenly seem ill-advised
a few months later when funding levels change, the engineering staff reports that large project cannot be
completed on time or political imperatives override staff-level decisions.

This study discusses a specialized analysis strategy to help guide highway investment decision-making.
While this strategy does not eliminate the need for human judgment, it could help experts make better
decisions by using mathematical techniques to account for frequently encountered risks and uncertainties.
After explaining the technical details of this technique, we test it using real data from the late 1990s
Indiana state highway programming to identify the potential scale of opportunities for improvement.

In preparing this report we have attempted to provide both technical and non-technical information; some
readers may wish to skip over the mathematics and focus on the broader concepts of the analysis strategy.

1.1 Problem Statement

Over the past two decades, state transportation agencies have developed management systems as
analytical tools to support investment decision-making in Statewide Transportation Improvement
Programs (STIP) and long-range plans. The most common management systems dealing with physical
highway assets are those for pavements, bridges, and maintenance. In addition, there are management
systems handling highway system operations, namely, congestion and safety. The existing methodologies
for project evaluation in these management systems maintain limited capacity of risk-based analysis of
project benefits affected by factors such as travel demand and costs of construction, rehabilitation, and
maintenance using probabilistic risk assessments. However, they do not handle cases when such factors
are under uncertainty without definable probability distributions. Moreover, existing models for project
selection do not explicitly address budget uncertainty. Furthermore, the management systems typically
work independent of each other or are partially integrated. Hence, they do not treat all interrelated
physical highway assets and system operations simultaneously, which will at best generate locally
optimal investment decisions for each type of physical highway assets or single aspect of system
operations. This motivates developing a new procedure that explicitly addresses uncertainty and system
integration issues in highway project evaluation and project selection to produce globally optimal
investment decisions.

1.2 Research Objectives

1.2.1  Background

Figure 1.1 shows the key functions of management systems dealing with individual categories of physical
highway assets such as pavements and bridges or system operations regarding congestion and safety. In
general, each management system assists the decision-maker in performing the following tasks for its
given physical asset or system operations category: i) establishing system goals and performance
measures, ii) monitoring highway system performance regarding physical asset conditions or operational
service levels, iii) predicting future performance trends, iv) recommending candidate projects to sustain
physical asset and system operations performance, v) evaluating project benefits and costs in physical



asset service life-cycle, vi) conducting project selection, and vii) providing feedbacks after project
implementation to refine the analyses in subsequent decision cycles.

| ___Feedback __ 1 3] System Goals |
| Highwaiy Asset |-~ > Performance Measures |
v

|Physical Highway Asset or System

Operations Performance Modeling

Candidate Project Identification |
4

| Asset Valuation |

Updated Highway |

Project Evaluation |

|

|

| Project Selection |<—| Available Budget |
Y

|

Project Implementation |
I

FIGURE 1.1. Key functions of management systems dealing with physical highway assets or system
operations.

1.2.2  Study Objectives

A general objective of this study is to advance transportation asset management for optimal system

performance. Optimal performance includes preserving physical highway assets and agency resources,

enhancing accessibility and mobility, improving safety and security, minimizing impacts on the

environment, and sustaining economic development. The specific objectives are as follows:

- Developing a methodology for highway project evaluation under certainty, risk, and uncertainty in
physical asset useful service life-cycle that ensures consistency of analysis results for projects
associated with physical highway assets and system operations; and

- Developing a model for highway project selection to examine the effects of spatial and temporal
tradeoff analysis methods on project selection results:

1) Selecting projects according to contract-based selection criterion;
2) Selecting projects based on corridor-based selection criterion; and
3) Deferring the implementation of some large-scale projects.

1.2.3  Delineation of Tasks

Task 1: Information Search

The information search will focus on two principal areas: i) highway project evaluation under certainty,
risk, and uncertainty; and ii) highway project tradeoff analyses. Three sources will be searched for
relevant materials, including archived publications, internal reports, and Websites.

Task 2: Highway Project Evaluation under Certainty and Risk

This task will thoroughly examine the following: i) typical agency cost profiles for major physical
highway assets and estimates of user cost trends currently in use by state transportation agencies; ii)
potential risk sources of various types of highway projects; and iii) historical data associated with a
highway system, engineering models, and expert opinion that can be utilized in Bayesian reasoning to
obtain firmer probability distributions for probabilistic risk assessments of project benefits.

Task 3: Highway Project Evaluation under Uncertainty

The application of Shackle’s model ultimately establishes three values: expected outcome, focus gain, and
focus loss. This task will extend Shackle’s model by introducing a decision rule that helps establish a
weighed-value based on the three values. This new approach will ensure consistency of results with those
derived from risk-based analyses in Task 2.




Task 4: Stochastic Model for Highway Project Selection
A stochastic model, along with an efficient solution algorithm, will be developed to facilitate project
selection using different tradeoff analysis methods under budget uncertainty.

Task 5: Collection of Data for a Case Study

The Joint Transportation Research Program, jointly sponsored by the Indiana Department of
Transportation (DOT) and Purdue University, maintains a data clearinghouse containing detailed
information on system inventory, historical costs, physical asset conditions, and operations associated
with the Indiana state highways dating back to 1980. The data will be used for the case study with
permission.

Task 6: Case Study for Methodology and Model Application

The case study will evaluate the methodology for project evaluation under certainty, risk, and uncertainty
developed in Tasks 2 and 3; and the stochastic model for project selection using different tradeoff analysis
methods developed in Task 4. For agencies that use individualized management systems, the study
findings will enhance agency’s capacity to perform project evaluation and project selection, and
eventually help integrated investment decisions.

Task 7: Report Preparation and Submission

Interim reports documenting information search, methodology for project evaluation, and optimization
model for project selection, as well as case study results will be submitted. A final report on findings of
Tasks 1-6, an implementation plan, and future research directions will be submitted.

1.3 Report Organization

The report is comprised of six chapters. Chapter 1 discusses the increasing need for a new procedure that
addresses uncertainty and system integration in highway project evaluation and project selection, as well
as research objectives and tasks. Chapter 2 provides background information on methods for highway
project evaluation and project selection. Chapter 3 elaborates on the proposed methodology for highway
project evaluation under certainty, risk, and uncertainty. Chapter 4 focuses on the proposed stochastic
model for project selection. Chapter 5 discusses a case study for validating the proposed methodology and
model. Finally, Chapter 6 presents a summary of the study findings, an implementation plan of study
findings, and areas for future research.



CHAPTER 2:
LITERATURE REVIEW

As the first step of the research, literature review was conducted on existing methodologies for highway
project benefit-cost analyses and project selection as summarized in the following sections.

2.1 Methods for Highway Project Evaluation

2.1.1  Project-Level versus Network-Level Analyses

Highway project benefit-cost analysis frequently provides a quantitative basis for comparing and
prioritizing alternative projects. When choosing a method for benefit-cost analysis, tradeoffs must be
considered between the accuracy and it simplicity of a method. In general, the methods fall into one of the
following two categories: i) project-level benefit-cost analysis that uses standard assumptions to compute
direct project benefits in immediate project area and indirect benefits of project affected areas; and ii)
network-level benefit-cost analysis that estimates project benefits based upon the output of a regional
planning model so as to capture significant project benefits.

The ease or difficulty in implementation is crucial in adopting project-level versus network-level analysis.
As compared to project-level analysis, network-level analysis generally requires more time, data, and
assumptions, necessitates the use of travel demand forecasting models such as the traditional four-step
model, and is more costly than route-specific analysis. Project, physical asset, and land area type
characteristics well suited for project-level and network-level analyses are listed in Table 2.1.

TABLE 2.1. Decision Criteria for Project-Level versus Network-Level Analyses

Benefit-Cost Decision Criterion

Analysis Project Type Physical Asset or Area Type
Project - Resurfacing, restoration, and - Physical assets with no alternative
Level rehabilitation routes, such as bridges and tunnels

- Safety improvements, including roadway |- Low-volume systems well under
geometry, lane, access, and roadside capacity
improvements - Rural areas with relatively sparse
- Minor capacity improvement, such as roadway networks
addition of passing, auxiliary, and truck
climbing lanes
Network - ITS projects, such as ramp metering, - High-volume systems at or over
Level traffic surveillance, and region-wide capacity

traveler information systems
- Addition of high-occupancy-vehicle

- Urban areas with relatively dense
roadway networks with alternative

(HOV) lanes

- New or improved park-and-ride lots

- Interchange additions or improvements

- New construction and significant capacity
expansion

- Traffic signal systems

- Traffic control

path choices

2.1.2  The Concept of Life-Cycle Cost Analysis

The costing procedure that includes all agency and user costs in project service life-cycle is called
life-cycle costing. Agency costs mainly consist of capital costs associated with project construction and
the discounted future costs of maintenance and rehabilitation (including resurfacing, restoration, and
reconstruction). Whereas user costs are those concerned with vehicle operation, travel time, vehicle



crashes, and vehicle air emissions. The life-cycle cost analysis allows the decision-maker to determine
how much cost savings will occur with higher initial capital costs, if these higher costs result in lower
overall life-cycle agency and user costs. State transportation agencies have begun to use life-cycle cost
analysis for asset management in recent years (FHWA, 1999). The following sections summarize the
general procedure for life-cycle cost analysis.

2.1.2.1 Project Direct Costs

The project direct costs generally include direct agency costs and additional user costs associated with
construction. Direct agency cost elements largely cover capital costs of project land acquisition, design
and engineering support, and construction. User costs associated with construction include increased costs
of vehicle operation, delays, crashes, and air emissions within work zones.

2.1.2.2  Life-Cycle Agency and User Costs

In life-cycle cost analysis, the overall agency costs generally include direct agency costs regarding project
construction and subsequent costs of maintenance and rehabilitation incurred during project service
life-cycle. On the user costs side, the primary cost categories include vehicle operating costs, travel time,
crashes, and air emissions. Life-cycle user costs are estimated based on the four user cost elements for all
years in project service life-cycle.

2.1.2.3  Project Life-Cycle Benefits

The overall benefits of a highway project in its service life-cycle may be extracted from both the agency
and user perspectives. With investments on project construction, it may reduce project life-cycle agency
costs and also result in savings of life-cycle user costs in terms of vehicle operation, travel time, crashes,
and air emissions. In order to estimate the change in life-cycle agency costs, the activity profiles
containing information on frequency, timing, and magnitude of construction, rehabilitation, and
maintenance work for principal highway assets such as pavements and bridges need to be established. For
instance, different activity profiles are needed for flexible, right, and composite pavements; and for
concrete and steel bridges, respectively. The potential reduction in life-cycle agency and user costs after
project implementation (i.e., with certain investments) is considered as the overall project life-cycle
benefits. Table 2.2 lists the generic steps involved with project benefit-cost analysis (AASHTO, 2003).




TABLE 2.2. Analytical Steps of Highway Project Benefit-Cost Analyses

Analytical Step Information Needed
1. Define base case and project - The network elements affected
alternatives - Engineering characteristics

- Project build-out schedule

- Project agency cost schedule

- Project user cost schedule

2. Determine level of details required |- Types of benefits and costs

- Link versus corridor perspective

- Vehicle classes to be studied

- Hourly, daily, and seasonal details

- Time periods within a day to be explicitly modeled
3. Develop basic agency cost factors |- Physical asset performance models

- Activity frequency, timing, and magnitude

4. Develop basic user cost factors - Vehicle operating unit costs

- Vehicle occupancy rates

- Values of travel time

- Vehicle crash rates and unit costs

- Vehicle air emission rates and units costs

5. Select economic factors - Discount and inflation rates

- Analysis period

- Physical asset service life-cycle assumptions

- Physical asset salvage values at the end of service life-cycle

6. Obtain traffic data for base case |- Travel demand and traffic assignment models
and project alternatives for - Hourly, daily, and seasonal traffic volumes, speeds, and
explicitly-modeled periods occupancy before and after improvement

- Traffic growth rate factors
- Volume-delay function factors
- Peak-spreading assumptions
7. Measure agency costs for base case|- Project direct agency costs of construction
and project alternatives - Discounted life-cycle costs of maintenance and rehabilitation
8. Measure user costs for base case |- Operating, delay, crash, and emission costs during construction
and project alternatives for affected |- Life-cycle vehicle operating costs
links or networks - Life-cycle travel time costs (including delay costs)
- Life-cycle accident costs
- Life-cycle air emission costs
9. Calculate overall agency and user |- Data from Steps 7 and 8
benefits as the summation of - Life-cycle agency benefit formulae
respective differences in agency and|- Life-cycle user benefit formulae
user costs between a project
alternative and the base case

2.1.3  Calculation of Agency Benefits Using the Life-Cycle Cost Analysis

Life-cycle cost analysis for physical highway assets such as pavements and bridges is a process that
evaluates the total economic worth of the initial cost and the discounted future cost of maintenance and
rehabilitation associated with the assets. The agency benefits are regarded as reductions in life-cycle
agency costs resulted from a certain amount of investments. As highway asset management involves
various physical assets that have different service lives, life-cycle costing needs to be carried out to allow
comparing the merits of investments on an equal basis. The following section briefly describes life-cycle
agency cost analyses conducted on highway pavements and bridges in the last ten years.

6



2.1.3.1 Pavement Life-Cycle Agency Cost Analysis

The Federal Highway Administration (FHWA) has made a concerted effort for the use of life-cycle cost
analysis in highway pavement design (FHWA, 1998). In a research on life-cycle cost analysis of rigid
pavements, Wilde et al. (1999) came up with the life-cycle cost component framework for rigid
pavements. Three cost components were indicated as agency costs, user costs, and external costs. In the
agency cost component, it included initial construction cost and subsequent costs of maintenance,
rehabilitation, and overlays. Rehabilitation and maintenance costs were calculated as per the prediction of
distress that would occur by the end of each year and initial costs as per the design.

Hicks and Epps (1999) presented the establishment of alternative design strategies with a logical
comparison between conventional mixtures and the mixture containing asphalt rubber pavement materials.
Estimate of agency costs included the construction costs, all administrative costs including supervision
and preliminary engineering costs, and routine and preventive maintenance and rehabilitation costs that
would be invested within the analysis period. Salvage value was taken into account to compare the
investments by the end of the analysis period and is a function of expected life of rehabilitation alternate,

a portion of expected life consumed, and costs of rehabilitation strategies.

Hall et al. (2003) presented guidelines for life-cycle cost analysis of pavement rehabilitation strategies.
These researchers discussed key issues that need serious considerations while adopting rehabilitation
strategies. The key issues included selection of appropriate analysis period difference in vehicle operating
costs in relation to predicted serviceability trends and differences in user delay costs in relation to lane
drop time and length.

Falls and Tighe (2003) presented improving life-cycle cost analysis through the development of cost
models using the Alberta roadway maintenance and rehabilitation analysis application. These researchers
particularly examined maintenance cost models to compute maintenance costs that form a part of
life-cycle cost analysis and could be utilized to analyze the rehabilitation alternatives using location-based
data relevant to surface condition data and maintenance work. Such type of application would help
improve system for monitoring and tracking costs.

Labi and Sinha (2003) developed life-cycle preventive maintenance cost-effectiveness models for
different pavement families that were categorized according to pavement type, traffic, and service class.
The functional forms of the preventive maintenance cost-effectiveness models suggested that the
cost-effectiveness of preventive maintenance was a function of preventive maintenance effort, expressed
in dollar values per lane-mile of road. The models could help conduct tradeoff analysis of different
investment strategies over pavement service life-cycle.

Peshkin et al. (2005) studied systematic preventive maintenance and the optimum timing strategies to
achieve minimum life-cycle costs. The methodology was based on analyzing pavement performance over
a period of time to identify the optimal timing of treatment. The optimal timing was said to be the point of
greatest benefit-to-cost ratio. Benefits were measured as the quantitative influence on pavement
performance measured in relation to one or more condition indicators as rutting, cracking, and friction.
Costs included agency costs for the treatments, work-zone user delay costs, costs of rehabilitation at the
point where the preventive maintenance was considered failed, and costs of routine maintenance.

Harrigan (2002) investigated the performance of pavement subsurface drainage and conducted the
life-cycle cost analysis to illustrate the various subsurface drainage features. Effects of subsurface
drainage on flexible and rigid pavements were studied. The methodology adopted for the study was on
impact of subsurface drainage, direct comparisons of the performance of drained and non-drained
experimental sections, and distress predictions for mechanistic-empirical models based on all available
performance data.



2.1.3.2 Bridge Life-Cycle Agency Cost Analysis

Purvis et al. (1994) conducted life-cycle cost analysis of protection and rehabilitation of concrete bridges
relative to reinforcement corrosion. The rehabilitation work was applied only when the concrete
deterioration was associated with chloride induced corrosion of reinforcing steel. Agency costs included
deck and structural treatment costs, while user costs included prior treatment costs for their effect on
traffic flow and during treatment costs. Computer method of life-cycle cost analysis was proposed to
determine the activity timing aimed to minimize life-cycle overall discounted agency and user costs.

Meiarashi et al. (2002) compared two highway suspension bridges made both of conventional steel and
advanced all-composite of carbon fiber using life-cycle cost analysis. The initial construction and
maintenance costs were taken into account for the life-cycle cost analysis.

Hawk (2003) carried out bridge life-cycle cost analysis that categorized the overall costs into three
different categorizes: agency costs, user costs, and vulnerability costs that included both agency and user
costs. In the life-cycle agency cost analysis, cost items included routine maintenance costs, bridge
element rehabilitation costs, bridge element replacement costs, and bridge replacement costs. User costs
included detour costs and crash costs. Vulnerability costs consisted of condition-related reduction in load
capacity, life or both, seismic vulnerability, bridge scour, and overloads. As part of the study, a Bridge
Life-Cycle Cost Analysis software tool was developed to evaluate two fronts associated with bridges.
First, it could be used to assess the tradeoffs between the initial cost and long term maintenance. Second,
it could provide information on whether rebuild of a bridge to the future capacity was feasible or
expansion in the future would be better. The strength of the program was its flexibility of varying costs
and timing in the analysis.

Chandler (2004) developed life-cycle cost models to evaluate the sustainability of bridge decks. Both
agency costs and social costs were considered in the analysis. Agency costs included construction costs
and salvage value at the end of useful service life-cycle. The social costs were comprised of emission
damage costs from agency activities, congestion, delays, crashes, and vehicle operating costs across all
stages of bridge service life-cycle. To model the life-cycle cost, two types of bridge decks were compared.
Decks with conventional concrete joints were compared with engineered cement composite link-slabs. It
was found that fluctuations on annual average daily traffic had major effect while detours had little effect
on bridge life-cycle costs.

2.1.4  Calculation of User Benefits

2.1.4.1 Average Variable Cost, Marginal Cost, and Price (Lee, 2000)

The total transportation costs can be broken down into fixed costs and total variable costs. As Table 2.3,
total variable costs are classified as agency costs, user costs, externalities, and user charges. Variable
social costs include agency costs, user costs, and externalities, excluding user charges. These costs are
variable because they increase with vehicle miles traveled. The average variable cost, defined as the
combined average unit cost per vehicle-mile of variable social costs, might rise, decline or remain
constant with vehicle volume. Most of the components of variable social costs vary slightly with volume
due to congestion, but the one that varies by far the most is travel time. The marginal cost is the additional
cost associated with the supply of an additional unit of travel. Price is the cost to the road user and it
includes user costs and user charges that vary with usage. The average variable cost (AVC), marginal cost
(MC), and price as a function of the vehicle volume provide the information necessary for calculating
user benefits.




Table 2.3. Transportation Variable Cost Categories and Items

Variable Cost Variable Cost Item Total Variable Costs | Variable Social Costs Price
Category
Agency Costs |- Construction costs N N
- Rehabilitation costs \ \
- Maintenance costs \ \
- Operation costs V V
User Costs - Vehicle operating costs N N N
- Travel time \ V \/
- Vehicle crashes \ \ \
Externalities |- Vehicle air emissions N N
- Vehicle noise pollution V V
User Charges |- Fuel tax N N
- Tolls \ \

Assuming a base case and one project alternative case, the physical characteristics of each case are given
by the marginal cost and average variable cost curves (excluding fixed costs and fixed charges such as the
annual vehicle registration fee), while the price curve constitutes the policies affecting how the highway
system is operated. The marginal cost, average variable cost, and price are assumed to be converted into
dollar values, referred to as generalized cost or generalized price, meaning that it combines money and
in-kind components on the same scale.

As shown in Figure 2.1, marginal cost, average variable cost, and price to the user at any given vehicle
volume are all different. Marginal cost and average variable cost are mathematically related, and will
diverge if any component of cost varies with volume or volume-to-capacity ratio. That is, marginal cost is
unequal to average variable cost if average variable cost goes up or down with volume. Because travel
time for unit distance of travel rises with congestion, for most volume levels marginal cost lies above
average variable cost.
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FIGURE 2.1. lllustration of marginal cost, average variable cost, and price curves.

Because users are faced with the average rather than the marginal cost, it is frequently assumed that price
and average variable cost are the same, but this usually is not true because of user charges, agency costs,
and externalities. The marginal cost and average variable cost functions are mathematically related, such
that either one could be derived from the other, but only average variable cost can be observed
empirically. Total variable cost can be measured either as the area under the marginal cost curve (up to
qo) or as the average variable cost (ac) times the volume (qy), the later being a rectangle.



The price function in Figure 2.1(a) is shown as lying above average variable cost. This might be the case
if variable user charges exceed variable agency costs and externalities. If the reverse is true, then the price
curve lies below average variable cost curve, as shown in Figure 2.1(b).

For congested conditions, it is unlikely that price will be above marginal cost without a congestion-related
toll, but price could be above average variable cost. Whether price is above or below average variable
cost depends upon the magnitude and valuation of agency costs and externalities relative to user charges.

Vehicle volume could be determined by any of the three functions: by marginal cost at py,. for efficient
pricing and first-best evaluation; by average variable cost at p,., which ignores actual user charges,
agency costs, and externalities; or by the price function at p, which is the most general case. The
inefficiency from not pricing at marginal cost is given by the triangular bounded by py,., me, and p.

2.1.4.2 Project Net User Benefits

A highway improvement project will change user costs by some amount, resulting in user benefits.
Reductions in vehicle operating costs, travel time, and vehicle crashes are both reductions in price and
real benefits. Savings in agency costs and externalities are real benefits but not included in the price,
whereas savings in user fees are not real benefits. The impacts of each improvement can be estimated
from its induced traffic volume based on the price and demand curves and variable cost savings. These
net user benefits are estimated for the current period, and subsequent periods, over the lifetime of the
improved highway facility.

Highway improvements such as reconstruction, rehabilitation, and capacity expansion that reduce
congestion by expanding capacity or that reduce vehicle operating costs or vehicle crashes, have the effect
of lowering the price to the user and stimulating greater volumes, depending upon the elasticity of
demand. If the short-run price elasticity is non-zero, changes in the generalized price will cause changes
in volume, within the same period, by movement along the demand curve. To some extent, capacity
expansions are self-limiting, in that induced traffic reintroduces congestion, which offsets some of the
initial time savings from expansion. This supply-demand equilibrium may not result in as high a volume
as would be the case without congestion, but congestion will remain below the original congestion level
before the capacity expansion. It is not possible for the same level of congestion to return after the
expansion as before, because the short-run demand curve shifts downward to the right, and demand in the
short run stays on the same demand curve. In subsequent demand periods, shifts in the demand curve
might lead to higher congestion than in the current period, but such demand growth would be at least
partly exogenous.
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FIGURE 2.2. lllustration of the user benefits of a highway project.

10



Benefits of a highway project are generally a combination of cost savings and additional travel. Figure 2.2
illustrates the user benefits of the project. It assumes price lies above average variable cost. The project
user benefits can be estimated in two ways: i) using the combination of marginal cost and demand curve;
and ii) using the combination of average variable cost and demand curve.

2.1.4.3 Project User Benefits Estimated Using Marginal Cost and Demand Curves

As Figure 2.2, total variable costs for the base case without project implementation are represented by the
area under the marginal cost curve up to the existing volume qo. For the alternative case with project
implementation, the corresponding area is lower but extends out to volume q;. The cost difference is an
area of cost savings between the two curves up to o, and an area of additional costs under marginal cost
curve MC; from qp to q;. The latter is offset by the (not necessarily equal) incremental benefits from the
additional travel, represented by the area under the demand curve from q to q;. The resulting project user
benefits are the area outlined by the dot-dash line. It can be described as the area between the two
marginal cost curves and under the demand curve.

Where marginal cost crosses above the demand curve, the area marked “additional costs” is negative.
These negative benefits are a consequence of under-pricing the project alternative, relative to marginal
cost pricing. The project user benefits could be increased by this amount if the new project is efficiently
priced. Correspondingly, the project user benefits would be smaller if the inefficiency from under-pricing
the base case is not included.

2.1.4.4  Project User Benefits Estimated Using Average Variable Cost and Demand Curves
Areas under the marginal cost curve can also be represented by rectangles constructed from the average
variable cost curve using the following relation:

j: MC =qxAVC, @2-1)

Without loss of generality, assuming that the price curve is positioned above the average variable cost
curve. As shown in Figure 2.3, the area under MC, up to qo is equal to the rectangle whose length is qq
and whose height is ac,. Similarly, the area under MC,; up to q; is equal to the rectangle q; by ac;. The
difference between these two rectangles is the shaded area labeled “delay and cost savings,” minus the
additional costs from q to q, plus the area under the demand curve from qq to q;. This shaded area is
exactly equal to the outlined area derived from the marginal curves.

In practice, a distinction is made between trips that are already being made in the base case old trips qq,
and new trips from qo up to q; generated by the reduction in price from py to p;. A reason for making this
distinction is the nature of the benefits to the two groups: Existing old users have demonstrated their
willingness to pay for their travel, and so the benefits to them are the cost savings over their previous
generalized cost. In contrast, new trip makers on this facility have not shown any willingness to pay.
Their benefits must be estimated from the demand curve as incremental consumer surplus and producer
surplus over what they actually pay when using the improved facility.

Consumer surplus is the amount users would be willing to pay above what they actually pay, measured as
an area under the demand curve between the “with” and “without” induced vehicle volumes and above
the price. The incremental consumer surplus applies to induced “new” trips and the relevant volumes are
qo (without improvement) and q; (with improvement). The incremental consumer surplus is a triangular
area whose hypotenuse is the demand curve between p, and p;, and whose legs are (po - p1) and (q; - qo).

Producer surplus is an area under the demand curve that is below what users pay but above short-run
variable cost. Normally, user fees are regarded as transfers and therefore ignored in estimating benefits,
but here it is simply a part of the means for valuing induced travel. Like consumer surplus, it indicates a

11



willingness to pay for new trips. A congestion toll generates producer surplus, but only the portion on
new trips is counted as a benefit; the portion applying to old trips is already counted in the cost and time
savings on old trips. The net of toll revenues above incremental agency costs and externalities is producer
surplus.
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FIGURE 2.3. Estimation of project user benefits using average variable cost with price curve above
average variable cost curve.

Figure 2.4 shows a situation in which price curve is below average variable curve for both the base case and
project alternative case. The outline of project user benefits based on marginal cost is essentially the same,
but the area defined by average variable cost curves has a somewhat different shape. Savings on old trips
start above the current price, because the elimination of externalities in the base case is a benefit.
Correspondingly, the benefits stop farther up, because some of vehicle operating cost and travel time
savings are offset by agency costs or externalities in the project alternative case. Cost savings would come
down to p; were it not for the new externalities. The incremental consumer surplus is the same in both
figures, but a share of it is offset by the negative producer surplus where the toll revenues are below
incremental agency costs and externalities.
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FIGURE 2.4. Estimation of project user benefits using average variable cost with price curve below
average variable cost curve.

In summary, the primary components of project user benefits are savings of vehicle operating costs, travel
time, and crash costs on old trips, incremental consumer surplus on new trips, and producer surplus on
new trips.
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2.1.4.5 Calculation of User Benefits on a Directly Affected Road Segment with Shift in Demand

Provided with a demand curve, the consumer surplus is the difference between what road users in the
aggregate would have been willing to pay, and what they are actually asked to pay. The change in
consumer surplus between a project alternative and the base case is considered as the user benefits
associated with the project alternative. For a generalized case where the demand curve shifts upward as a
result of a project improvement, the user benefits can be calculated as illustrated in Figure 2.5. The user
benefits could be the daily, weekly, monthly or annual benefits of either element of vehicle operating
costs, travel time, and vehicle crashes. The reduction in vehicle emissions can be considered as external

user benefits.
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FIGURE 2.5. lllustration of calculating user benefits on a directly affected road segment with shift in

demand.

2.1.4.6 Calculation of User Benefits on an Indirectly Affected Road Segment with Shift in Demand

If improvements cause traffic to shift to the improved segment, other indirectly affected segments may see a
backward shift in demand on the indirectly-affected segments. That is, the travel demand on the
indirectly-affected segments is less at every user cost. As illustrated in Figure 2.6, the change in consumer
surplus is just analogues of the change of consumer surplus that is measured on the directly affected segment.
The approach can be applied to every affected link to accounts for all changes in consumer surplus.
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FIGURE 2.6. lllustration of calculating user benefits on an indirectly affected road segment with

shift in demand.
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2.1.4.7 Qverall User Benefits of a Project

The overall user benefits of a highway project is the aggregation of changes in all consumer surpluses
associated with project directly and indirectly affected road segments. Once obtaining an estimation of the
overall user benefits in the first year of the physical asset useful service life, the overall user benefits for
the future years can be extrapolated. This will help determined the life-cycle user benefits for the project.

2.1.5  Unit Values of User Cost Elements

2.1.5.1 Vehicle Operating Unit Costs

Vehicle operating costs refer to costs of fuel, oil, tire wear, maintenance and repair, and
mileage-dependent vehicle depreciation and are measured in terms of dollars per vehicle-mile of travel.

Transportation projects can affect vehicle operating costs directly by improving operating conditions such
as fewer changes in speed, reduced grades, smoother pavements, and wider curves or indirectly by
influencing traveler behavior including more frequent usage and more direct routing. The highway
vehicle operating costs are affected by vehicle type, vehicle speed, speed changes, gradient, curvature,
and road surface condition, as briefly described in Table 2.4. In addition, Table 2.5 provides a range of
estimates used in several benefit-cost models.

TABLE 2.4. Factors Affecting Vehicle Operating Costs

Factor Brief Description
1. Vehicle type Generally, cars have lower operating costs than trucks, due to lower fuel and
oil consumption, and lower price of vehicle and parts, maintenance and
repairs. Since vehicle technology, fuel efficiency and price/costs change over
time, vehicle operating costs for various classes of vehicles will also change
and must be periodically updated.
2. Vehicle speed Empirical research indicates that vehicle speed is the dominant factor in
determining vehicle operating costs. They decreases as vehicle speed
increases, reaching an optimum efficiency point at mid-range speeds of
approximately 55 mph, after which point costs will increase as vehicle speed
increases further. Obviously, vehicle operating costs will get higher under
congested traffic conditions and when vehicles are idling at
stop-controlled/signalized intersections, ramp meters, and railroad crossings.

3. Speed changes Empirical research indicates that vehicle operating costs increase with speed
change cycles and the added cost of speed cycling is higher at higher speeds.
4. Gradient Driving a vehicle up a steep, positive grade requires more fuel than driving it

along a level road at the same speed, and the additional load on the engine
imposes added costs of maintenance. Roadway sections with negative
gradient would have an opposite effect. However, as the steepness of the
down grade increases, it may be necessary to apply the brakes and this also
imposes an added operating cost burden.

5. Curvature Curves impose costs through the centrifugal force that tends to keep the
vehicle following a tangent rather than a radial path. The force is countered by
super-elevation of the roadway and the side friction between the tire tread and
the roadway surface. As a result, there is a greater usage of energy and more
fuel is required to negotiate curved sections. In addition, the side friction
increases tire wear and raises this component of operating costs.

6. Road surface condition | The motion of a vehicle on a rough surface meets with greater rolling
resistance, which requires more fuel consumption compared to traveling at a
similar speed on a smooth surface. The roughness of road surface contributes
to reduction of speed, additional tire wear and influences the vehicle
maintenance and repair expenses incurred in the operation of a vehicle.
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TABLE 2.5. Summary of Vehicle Operating Cost Estimation Methods

Attribute
Model VOC Items |Factors Considered $ /V\e]lg riilfea?52ar) Veilrllzii(;l;};p | Source
2003 AASHTO |Fuel, oil, tire, |speed, speed Auto: Car, SUV, van,|AAA
Red Book maintenance |cycling, grade, -0.039-0.117 gal truck (1999)
curvature, pavement| fuel/veh-mile
condition Truck: Cohn et al.
-0.158-0.503 gal (1992)
fuel/veh-mile
(1992)
Car, SUV, and van:
- $0.095 - 0.124/
veh-mile
(2000)
CAL-B/C Fuel, non-fuel{Speed Auto: Auto, truck USDOT
(for fuel only) -0.033-0.182 gal (1992)
fuel/veh-mile
- $0.165/veh-mile for
non-fuel cost (2000)
Truck:
-0.008-0.511 gal
fuel/veh-mile
- $0.285/veh-mile for
non-fuel cost (2000)
HERS-ST Fuel, oil, tire, [Speed, speed $0.18 2 car types, 5 |Zaniewski
maintenance |cycling, grade, (1995) truck types et al.
and repair, |curvature, and (1982)
depreciation [pavement condition
STEAM Fuel, tire, Speed (for fuel $0.05 - 0.09 Car, truck USDOT
maintenance |only) (1994) (1992)
and repair
StratBENCOST |Fuel, oil, tire, [Speed, speed $0.17-0.32 Car, truck, bus |Zaniewski
maintenance |cycling, grade, (1996) et al.
and repair, |curvature, and (1982)
depreciation |pavement condition
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2.1.5.2  Value of Travel Time

Highway improvement projects often lead to higher speeds and lower travel times for drivers, passengers,
and freight. Since travel time reductions can make-up a major portion of user benefits, it is important to
use an appropriate value of time when converting these benefits into dollar amounts. The time cost of
travel generally includes two components: the resource cost reflecting the value to the traveler of an
alternative use of time such as work; and the disutility cost as the level of discomfort, boredom or other
negative aspect associated with time lost due to travel. Table 2.6 lists factors affecting the value of travel

time.

TABLE 2.6. Factors Affecting the Value of Travel Time

Travel Time
Cost Component

Factor

1. Resource Cost

a. Wage rate

It is generally thought that higher income groups value travel time
at a higher price than lower income groups. The USDOT
recommends that different wage rates be used as the basis for
calculating time values for truck drivers, air travelers, and
travelers on surface passenger modes.

b. Trip purpose

There is consensus that on-the-clock work travel should be valued
at the wage rate including fringe benefits, while other trip
purposes should be valued at some fraction of the wage rate.

c. Amount of
timing saving

There has been substantial disagreement in the literature on the
value of small units of time. Some studies suggest that small
increments of time have lower unit values than do larger
increments of time. Other valued time savings at the same rate,
regardless of the amount of time savings.

2. Disutility cost

a. Congestion

Travel under congested conditions puts extra stress on the driver.
As a result, reductions in travel time during peak periods, which
are most likely to be congested, are likely to be valued more
highly than reductions in travel time during off-peak periods.

b. Passenger
versus driver
time

It is logical that the stresses of driving may make travel time
savings more important to drivers than to passengers and to
suggest a higher value of time for drivers.

c. Level of
service,
walking, and
waiting time

There is disagreement about whether distinctions should be made
between transportation modes due to differences in comfort and
other service attributes. It is generally accepted that time spent
walking and waiting for a vehicle exposure to adverse weather has
a higher value to the rider than time spent riding in the vehicle.
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The methods derived for measuring value of travel time typically fall into five types of analyses: mode
choice, route choice, speed choice, dwelling choice, and wage rate-based analyses. These methods are
briefly summarized in Table 2.7.

TABLE 2.7. Methods for Estimating the Value of Travel Time

Method

Brief Description

1. Mode choice

Mode choice analysis attempts to compare a fast, but expensive mode with
inexpensive, but slow one. The difference in cost is presumably equal to the
value of the difference in time. Most of these analyses compare automobiles
with some sort of transit.

2. Route choice

In route choice analysis, a slow and inexpensive route option is compared
with a faster and more expensive route option for a single travel mode. The
difference in cost is presumably equal to the value of the difference in time.

3. Speed choice

Speed choice analysis is one attempt to supplement the results of route choice
analysis. The analyses are based on the economic assumption that rational,
utility maximizing individuals adopt driving speeds that minimize their total
trip costs. While travel time is one component of the trip cost, there are other
trip costs, such as vehicle operating costs and accident costs. Assuming that all
costs are perceived by drivers and that the least cost speed is selected, the
perceived time costs can then be determined.

4. Dwelling choice

In this form of analysis, the value of time is calculated by comparing housing
value against the time it takes to reach the work. The analysis results can be
used to corroborate other estimating methods.

5. Wage rate

For "off-the-clock" travel, the hourly wage rate is treated as a standard against
which the value of time is measured. The concept underlying this approach is
that travelers’ hourly wages give the opportunity cost of their time. The
percentage of wage rate appears to be a convenient metric to measure value of
time associated with "off-the-clock" travel.

For the value of "on-the-clock" travel time, there is a general consensus that a
driver’s wage rate is the right measure of the value of his or her time when
highway travel is part of the person’s work. Thus, the average labor cost for
truck drivers is an appropriate value of time for truck traffic.

The values of travel time established in various existing models are summarized in Table 2.8.
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TABLE 2.8. Summary of Values of Travel Time in Existing Models

Model Auto Bus Truck Source
2003 AASHTO|- 50% of the wage rate for|- 50% of the wage rate for |- 100% of total USDOT
Red Book driving alone commute | in-vehicle commute compensation for (1992)

- 60% of the wage rate for{- 50% of the wage rate for| in-vehicle business
STEAM carpool driver commute | in-vehicle personal - 100% of total
- 40% of the wage rate for|- 100% of the wage rate | compensation for
CAL-B/C carpool passenger for non-business waiting,| business waiting time
commute walking or transfer time
- 50% of the wage rate for|- 100% of total
personal local trip compensation for
- 70% of the wage rate for| business
personal intercity trip
- 100% of total
compensation for
business
HERS-ST Work-related travel: Work-related travel: ~ [USDOT
$9.59/veh-hour - - $10.87/veh-hour for  |(1992)
(1988 dollar) 4-tire truck
- $20.42/veh-hour for
6-tire truck
- $23.34/veh-hour for
3-4 axle truck
- $25.94/veh-hour for
4-axle comb. truck
- $26.09/veh-hour for
5-axle comb. truck
Non-work travel: - Non-work travel: Jack
60% of the wage rate 60% of the wage rate  |Faucett
Assoc.
(1991)
StratBENCOST]|- Low: $10.97/veh-hour |- Low: $77.25/veh-hour |- Low: $30.07/veh-hour|TTI
- Med: $11.78/veh-hour |- Med: $82.94/veh-hour |- Med: $32.28/veh-hour|(1990)
- High: $23.36/veh-hour |- High: $164.46/veh-hour (- High:$64.01/veh-hour [Jack
(1996 dollar) (1996 dollar) (1996 dollar) Faucett
Assoc.
(1991)

Note: The unit dollar values can be updated to current year dollars using relevant consumer price indices
and producer price indices for non-trucks and trucks, respectively.
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2.1.5.3 Vehicle Crash Unit Costs

Vehicle crashes can vary in severity and the number of individuals involved. By severity, vehicle crashes
can be divided into fatal, injury, and property damage only (PDO) categories. Fatalities result in lost years
of life, while injuries result in lost years of productive life. Injuries may also cause pain and suffering. In
addition, all vehicle crashes result in property damages of varying severity. Table 2.9 presents methods
valuating vehicle crash losses.

TABLE 2.9. Methods for Valuating Vehicle Crash Losses

Method

Brief Description

1. Direct cost

This method measures only the easily-measurable out-of-pocket costs of
accidents, which include crash clean-up, injury treatment, property repair and
replacement, accounting for workplace disruption, and insurance claims
processing and related costs. The personal costs, emotional and physical, are
ignored in the direct costs method.

2. Human capital

This method calculates values as a function of salary. As a result, lower values
are computed for women and children than for men. This method ignores
pain, suffering, and lost quality of life. Human capital costs are useful to
determine the dollars lost to injury and death, and form the basis for legal
compensation awards.

3. Years of loss plus
direct cost

This method estimates two sets of costs: the years of life lost to fatalities and
the years of productive life lost to nonfatal injuries, and the dollar value of the
medical costs. Since the medical costs for a serious injury are much higher
than for a sudden death, the combined value could be misleading.

4. Willingness-to-pay

This method involves evaluating the reduction of accident risk by estimating
the amount people pay for small decreases in safety and health risks, often
obtained through the analysis of safety equipment purchases made by
individuals. The method places a value on people’s behavior of exchanging
money, time, comfort, and convenience for safety. Frequently these values are
added to the results of the direct cost approach to obtain an overall crash value.

The unit costs of vehicle crashes established in various existing models are summarized in Table 2.10.
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TABLE 2.10. Summary of Vehicle Crash Unit Costs in Existing Models

Model Fatality Injury PDO Source
2003 AASHTO |Cost per fatal crash:  |Cost per injury crash: Cost per PDO crash:  [NHTSA
Red Book $3,366,388 Critical: $2,402,997 $3,900 (2000)
(2000 dollar) Severe: $731,580

Serious: $314,204
Moderate: $157,958
Minor: $15,017
Delay component: Delay component:
$9,148 Critical: $9,148
Severe: $999
Serious: $940
Moderate: $846

Minor: $777

CAL-B/C $3,104,738 $81,572 $6,850 NSC (1995)
(2000 dollar)
HERS-ST $2,000,000 Urban: $10,000- 18,000 |Urban: $5,000- 6,000 |Jack Faucett
(1988 dollar) Rural: $17,000- 20,000 [Rural: $4,000- 5,000 [(1991)
STEAM $2,726,350 $59,718 $3,323 FHWA
(1997 dollar) (1994)
StratBENCOST [Low: $809,054 Low: $14,946 Low: $1,442 FHWA
(1996 dollar)  [Med: $3,521,359 Med: $83,848 Med: $5,806 (1994)

High: $8,097,408 High: $216,698 High: $11,720

2.1.5.4 Vehicle Air Emission Unit Costs

Transportation investments affect the environment because of the construction process, impacts of the
physical asset itself, and resulting changes in travel behavior. Vehicle emissions generally fall into two
categories: vehicle emit pollutants such as carbon monoxide (CO), oxides of nitrogen (NOy), volatile
organic compounds (VOC), particulate matter (PM), and oxides of sulfur (SO,); and greenhouse gas
emissions, mainly caused by carbon dioxide (CO,). Air pollutants can cause damage to human health,
building materials, and agriculture and vegetation, as well as limit visibility. Increasing concentrations of
greenhouse gases in the atmosphere may be causing changes in the Earth's climate that could potentially
impose substantial costs on society in terms of flooding, crop loss, and increased incidence of disease.
Factors that affect vehicle air emission quantities are summarized in Table 2.11.

TABLE 2.11. Factors Affecting Vehicle Air Emission Quantities

Factor Description
1. Vehicle age The engine fuel efficiency decreases with the increase of vehicle age. This
accordingly will increase air emission rates.
2. Vehicle speed Speeds are of particular importance in determining vehicle emission rates. In

general, VOC emission rates tend to drop as speed increases, whereas NOx and

CO emission rates increase at higher speeds (above 55 miles per hour).

3. Vehicle mix Mix of vehicle types in the traffic stream and mix changes affect emission rates.

4. Traffic condition  |Emission rates are also higher during stop-and-go, congested traffic conditions

than during free flow conditions at the same average speed.

5. Ambient air Starting a cold vehicle results in additional emissions because a vehicle's
temperature and emissions control equipment has not reached its optimal operating temperature.
cold-start trips
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The air emission unit costs are typically estimated based either on damage costs or control costs. Damage
cost valuation involves estimating the actual value of the harm caused by air emissions, whereas control
cost valuation simply examines the cost of the measures necessary to reduce air pollutant emissions.
Damage cost valuation is preferable because studies that use control costs to value air pollution rely on
the assumption that the controls placed on pollution are efficient. The steps involved with a damage cost
valuation are listed in Table 2.12.

TABLE 2.12. Damage Cost Method for Estimating the Unit Cost of Vehicle Air Emissions

Step Description
1. Impact of pollutant Ambient air pollution concentrations are the result of air pollutant dispersion,
emissions on air quality | reaction, and residence, complicated by meteorology and topography. These
processes result in non-linear relationships between pollutant emissions and
air concentrations that can be determined through computer modeling.

2. Increase of health The dose-response functions can be used to estimate the increased risk of
problems caused by air | developing a certain adverse health effect, such as headaches, chronic
quality deterioration respiratory problems or mortality, in response to increased air pollutant

concentrations.

3. Dollar costs per health | Health impacts in monetary terms can be quantified using revealed
effect preferences method that estimates costs based on people’s behavior; and

expressed preferences that asks people about the cost of an impact.
4. Estimation of unit costs | The unit costs per ton of pollutants emitted can be estimated based on
information in Steps 1-3.

The unit costs of vehicle air emissions established in existing models are summarized in Table 2.13.

TABLE 2.13. Summary of Vehicle Air Emission Costs per Ton in Existing Models

Model CcO NOx PM SO, VOC Source
CAL-B/C Rural Rural Rural Rural Rural McCubbin
HERS-ST - Mod: $10 |- Mod: $1,525 |- Mod: $1211 |- Mod: $1,601 |- Mod: $1,054 |and ‘

- High: $50 |- High: $3,625 |- High: $2411 |- High: $8,401 |- High: $2,754|Delucchi
STEAM (1996)
Urban Urban Urban Urban Urban

StratBENCOST|_\154: $20 |- Mod: $2,288 |- Mod: $2422 |- Mod: $2,402 |- Mod: $1,581
(1996 dollar) | gioh: §100]- High: $5,438 |- High: $4822 |- High: $12,602]- High: $4,131

2.1.6  Classical Benefit-Cost Analysis Methods

2.1.6.1 Net Present Worth Method

The net present worth method uses the chosen discount rate to convert the project benefits and costs to
equivalent present values and then compares these values. The present value of the benefits and costs is
equal to the summation of the values of these effects multiplied by the present worth factor appropriate to
the period over which the benefits and costs occur. The net present worth then equals the difference
between the present-value benefits and costs.

2.1.6.2 Equivalent Uniform Annual Cost Method

The equivalent uniform annual cost method converts non-uniform series of project benefits and costs into
uniform annualized amounts of benefits and costs, respectively. The annualized benefits and costs are
then used to compare project alternatives on equal basis.
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2.1.6.3 Benefit-to-Cost Ratio Method
The benefit-to-cost method compares the discounted benefits and costs for each project and then evaluates
each alternative to another.

2.1.6.4 Cost-Effectiveness Method

The effectiveness of a project alternative is usually represented as a scaled quantity relating to a specific
goal. For instance, number of car pools formed and reduction in vehicle air emission quantities.
Cost-effectiveness ratios can thus be calculated to show the degree of goal attainment per dollar of net
expenditure. This method is particularly useful when it is difficult to reach a consensus in unit values of
user cost elements, such as values of travel time, vehicle crashes, and air emissions.

2.1.7  Risk Considerations in Highway Project Benefit-Cost Analysis

Highway project benefit-cost analysis is fraught with risk and uncertainty because of the nature of the
information that is available, developed, and used. Forecasting future conditions of pavements and
bridges, travel patterns, costs, and effect levels is based on many assumptions, extrapolation of past
behavior, and less-than-perfect understanding of causal relationships. In the case of risk, the
decision-maker is ignorant of possible outcomes but the range and distribution of possible outcomes are
known. For uncertainty, on the other hand, either the range or distribution of possible outcomes or both,
are not known. Some notable probabilistic project benefit-cost analyses conducted are briefly discussed in
the following:

Walls and Smith (1998) recommended life-cycle analysis on pavements and provided the detail
computation process of user costs which they distributed evenly among the useful life period and
introduced a probabilistic approach to deal with risk and uncertainty associated with the project. In the
user cost analysis the study did not take account of the vehicle emissions but it put forth the idea of
computing work zone user costs which were the delays, crashes, and increased vehicle operating costs
during the maintenance and rehabilitation process. It combined variability of inputs to generate the
probability distribution of the results. It essentially quantified the uncertainties using probability
distribution resulted either from subjective or objective analysis. The normal distribution was used to
define the variability of agency costs but for the cases which did not have measurable data triangular
distribution was used.

Tighe (2001) conducted a probabilistic life-cycle cost analysis by incorporating mean, variance, and
probability distribution for the typical construction variables, such as thickness and costs. The researcher
concluded that the cost distribution followed a lognormal distribution rather than a normal distribution.
Ignoring the lognormal nature of these variables would introduce significant biases in the overall
life-cycle cost estimation.

Setunge et al. (2002) developed a methodology for life-cycle cost analysis of alternative rehabilitation
treatments for bridge structures. The input parameters for the analysis were identified as initial
construction costs; maintenance, monitoring, and repair costs; user costs; and failure costs. The
methodology utilized Monte Carlo simulation to combine a number of probability distributions to
establish the distribution of bridge whole life-cost costs.

2.1.8 Comparison of Available Benefit-Cost Analysis Software Tools

Table 2.14 lists software packages most often used by analysts to estimate the benefits of highway
projects. The features of individual models in terms of level of analysis, special features, and software
limitations are summarized.
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TABLE 2.14. Comparison of Some Notable Benefit-Cost Analysis Models

Name Source | Project Type kflﬁ}llsoiz Special Feature Limitation
2003 AASHTO [AASHTO |Highway Project [Travel time, VOC, and crash |Limited accounting
Red Book operational |level benefits of additional lanes, [for network effects;
improvements new highways, traffic control, [no accounting for
and safety signal systems, ITS modal interaction
projects improvements, pricing and
regulatory policies; geometry,
lane, access, and roadside
safety improvements
Cal- B/C CALTRANSHighway, (Network [Travel time, VOC, crash, and [No accounting for
transit level emission benefits of highway |interaction between
improvements, ITS, and modes
transit improvements
HDM4 'World Bank |[Highway (Network (Includes 16 motorized and 8 |No accounting for
improvements|level non-motorized vehicle types; [interaction between
includes roadway modes
deterioration model for
asphalt, concrete, gravel, and
dirt roads; estimates emissions
and energy consumption
IDAS Cambridge |[TS Project |Estimates benefits and costs |Evaluates ITS options
Systematics [improvements|level for signals, ramp metering, |only
incident management,
electronic payment, traveler
information, weigh-in-motion,
and traffic surveillance
MicroBENCOST |TTI Highway Project |Includes intersection and Limited accounting
improvements|level interchange delay, bridges, |for network effects;
and safety RR crossings, HOVs, and no accounting for
projects safety improvements; analyze [interaction between
emissions, construction modes
delays; estimates discomfort
costs based on road condition
Roadside AASHTO |Roadside Project |Integrated with design tool  |Only accounts for
improvements|level safety-related benefits
STEAM FHWA Highway, Network [Accepts input from four-step |[Some costs must be
transit, TDM, |level models; separate analysis of [estimated outside
tolls, peak and off-peak periods by [model; requires trip
multimodal trip purpose and mode; tables and network
emissions; fuel consumption; [from external travel
revenue transfers demand model
StratBENCOST [HLB Highway [Network [Risk analysis, environmental |No accounting for
improvements|level effects, separate modules for [interaction between
network-wide or modes

single-roadway analysis;

includes construction delays
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2.2 Methods for Highway Project Selection

2.2.1 Classical Project Selection Techniques

Highway asset management entails a comprehensive view across a range of physical highway assets and
their usage. The decision-making process encourages developing the most cost-effective mix of projects
under various program categories and examining the implications of shifting funds between different
program categories. Through tradeoff analysis, the economic benefit and cost of shifting funds from one
program category to another can be assessed. In addition, the service level achievable at different funding
levels can be defined. Ranking, prioritization, and optimization offer an approach that allows for selection
of different types of projects in the priority setting process (FHWA, 1991).

Ranking is the simplest form of priority setting for the selection of highway projects for a single year
period, which is also called single year prioritization. The ranking procedure mainly includes two steps.
The first step is to determine project items of a highway asset type that should be considered for
preservation or improvement. For each set of candidate projects, the best alternative for each candidate
project is identified and the corresponding cost is determined. The next step involves prioritization of
candidate projects according to a given set of criteria. The ranking procedure may be implemented by
using single criterion, such as distress, condition, initial cost, least present cost and timing, life-cycle cost,
benefit-cost ratio, cost-effectiveness or composite criteria such as a ranking function combining condition,
geometry, traffic, maintenance, and safety factors (Zimmerman, 1995). The ranking procedure produces a
ranked list of projects to be carried out, the cost associated with each project, and a cut-off line
established based upon the level of funding available. As the timings of alternative projects are not
considered in the ranking process, the long-term impacts of delaying or accelerating projects from one
year to another cannot easily be evaluated.

Multi-year prioritization is a more sophisticated approach to project selection that is closer to an optimal
solution for addressing highway network scheduling and budgeting needs. This method requires the use
of performance prediction models or remaining service life estimates. It also requires the definition of
trigger points to identify needs and provisions that allow the acceleration or deferral of treatments during
the analysis period. Common approaches used to perform prioritization include marginal
cost-effectiveness, incremental benefit-cost, and remaining service life analysis. Multi-year prioritization
differs from the ranking procedure in a number of ways. First, different strategies that include alternatives
and timings are considered in multi-year prioritization. Another difference lies in the complexity of the
analysis. In the ranking procedure, the most common criteria considered are current condition and
existing traffic levels. In a multi-year prioritization, an agency is able to simulate future conditions
through the use of performance models and consider other factors in the analysis. Furthermore, with
multi-year prioritization, the option of timing of maintenance, rehabilitation or reconstruction can be
included in the analysis. The impact of various funding levels can also be assessed (FHWA, 1991).

Optimization formulations using linear programming, integer programming, and dynamic programming
techniques have been developed for project selection in the last decade in accordance with the objective
of maximizing total agency benefits or minimizing agency costs to achieve certain condition levels.
Unlike prioritization, optimization analysis can yield outputs that are provided in terms of percentage of
miles of roads or bridges that should be improved from one condition to another, rather than identifying
candidate projects. Optimization addresses several important considerations that are not covered in
prioritization analysis. These include the incorporation of tradeoff analysis among candidate projects
during strategy selection. Optimization also guarantees that the selection of strategies adheres to
budgetary limits. Furthermore, optimization allows multi-year network level planning and programming
aimed at moving the overall system towards a defined performance level. Table 2.15 summarizes typical
project selection techniques used by selected state transportation agencies (Cambridge Systematics,
2000).

24



TABLE 2.15. Typical Highway Project Selection Techniques Used by Selected State Transportation

Agencies
State Asset Management Program Category Typical Project Selection
Technique
Arizona - Interstate construction and reconstruction - Prioritization by benefit-cost

- Non-Interstate major construction analysis and sufficiency ratings

- Bridge, railroad crossing, hazard elimination - Expert opinion

- Transportation system management

California | - Highway Operation and Protection Program Prioritization by scoring based

- Transportation Improvement Program on project technical merits

- Traffic Systems Management Plan

Indiana - Bridge preservation - Prioritization by incremental

- Pavement preservation benefit-cost analysis

- Safety and roadside improvements - Optimization by utility values

- System expansion

- ITS improvements

- Maintenance

Minnesota | - Preservation Ranking by sufficiency/

- Management and operations deficiency ratings, benefit-cost

- Replacement analysis, and cost-effectiveness

- Expansion analysis

Montana - Maintenance Prioritization by incremental

- Rehabilitation benefit-cost analysis

- Expansion

New York |- State pavement Ranking by sufficiency/

- Statewide congestion/ mobility deficiency ratings, life-cycle
cost, benefit-cost analysis, and
cost-effectiveness

Oregon - Preservation Ranking by scoring based on
- Modernization project technical merits
- Operations Safety
Pennsylvania | - Bridge rehabilitation and replacement Ranking by sufficiency ratings

- Interstate/ expressway restorations

- Congestion reduction

- Safety, mobility, and congestion

- New assets and services

Texas - Added capacity and new location Ranking by sufficiency/

- Highway rehabilitation and construction deficiency ratings, and

- Bridge replacement and rehabilitation cost-effectiveness analysis

- Maintenance

Washington |- Maintenance Ranking by benefit-cost analysis

- Preservation and improvement

- Operations

Wisconsin | - Maintenance - Ranking by deficiency ratings,

- Rehabilitation, restoration, and reconstruction
- Interstate
- Bridge

benefit-cost analysis
- Multi-objective optimization by
benefit-cost analysis
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2.2.2  Optimization Models Developed for Project Selection

Due to budget restrictions, only a subset of candidate projects can be selected for implementation.
Techniques used could be categorized as deterministic models and probabilistic models. These mainly
included integer programming (Isa Al-Subhi et al., 1989; Weissmann et al., 1990; Zimmerman, 1995;
Neumann, 1997), mixed integer nonlinear programming (Ouyang and Madanat, 2004), goal programming
(Gepffrey and Shufon, 1992), dynamic programming (Feighan et al., 1988), multi-objective optimization
(Teng and Tzeng, 1996; Vitale et al., 1996; Li and Sinha, 2004), agency-based analysis (Bernhardt and
McNeil, 2004), Adaptive control approach (Durango and Madanat, 2002), stochastic optimization under
uncertain future demand and model prediction (Friesz and Fernandez, 1979; Ben-Akiva et al., 1991),
risk-based Markovian and Bayesian analyses (Harper et al., 1990; Harper and Majidzadeh, 1991; Madanat
and Ben-Akiva, 1994; Cesare et al., 1994), fuzzy logic (Rewinski, 1991; Harper and Majidzadeh, 1993),
and simulation (de la Garza et al., 1998).

2.2.3  Solution Algorithms for the Optimization Models for Project Selection

Similar to project selection and programming process used in pavement and bridge management systems,
the optimization process for overall highway asset management can also be treated as a capital budgeting
problem (Lorie and Savage, 1955). The capital budgeting problem is a special case of the Knapsack
problem, where the objective is to select a subset of mixed projects from a large number of candidate
projects proposed for the entire highway system in order to yield maximized overall benefits subject to
budget constraints.

The optimization process for highway asset management is however more complicated because multiple
asset types are involved and additional budget constraints by asset category may be required. Furthermore,
as projects are implemented by contracts in which multiple projects may come from different asset types,
project interdependence relationships must be considered. In this case, project selection and programming
for overall highway asset management evolves to a multi-choice multidimensional Knapsack problem.
Multi-choice corresponds to multiple budgets for different asset management program categories, while
multi-dimension refers to a multi-year analysis period. The objective is to select a subset from all
economically feasible candidate projects to achieve maximized overall benefits under various constraints.

The multi-choice multidimensional Knapsack problem is considered as NP-hard. NP stands for
non-deterministic polynomial. A NP-problem refers to the case if there exists a solution algorithm, a
candidate solution to the problem can be verified in polynomial time. We will know whether the
candidate solution is correct or wrong. A NP-hard problem is a problem such that any problem in NP
category can be reduced to it in polynomial time, before being considered for verifying a candidate
solution. Loosely speaking, the NP-hard problem is harder than the NP problem. For the Knapsack
problem as being a NP-hard problem, the time requirement for generating the optimal solution grows
exponentially with the size of the problem instances. Hence, an exact solution may not be readily
available if the problem size becomes too large.

Algorithms for these problems can be classified into two group, exact algorithms and heuristic algorithms
for approximate solutions. The exact algorithms are mainly based on branch-and-bound, dynamic
programming, and are a hybrid of the two techniques. Heuristic algorithms may solve the problem close
to optimal in polynomial time but do not guarantee optimality. Notable algorithms are largely based on
dual simplex and Lagrangian relaxation techniques (Martello and Toth, 1990). Algorithms developed
during the past two decades for solving the multi-choice multidimensional Knapsack problem, including
the multi-choice Knapsack problem, where multiple budget sources and a single analysis period are
involved and the multidimensional Knapsack problem, where a single budget source and multiple periods
for the analysis are considered, are briefly discussed as follows.
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2.2.3.1 Exact Solution Algorithms

Sinha and Zoltners (1979) presented a branch-and-bound algorithm for the multi-choice Knapsack
problem that resided with quick solution of linear programming relaxation and its efficient, subsequent
re-optimization as a result of branching. This algorithm performed well on a large set of test problems.
Armstrong et al. (1983) conducted a computational study based on the branch-and-bound algorithm
developed by Sinha and Zoltners, wherein, data list structures, sorting techniques, and fathoming criteria
were investigated. These researchers further improved the algorithm by inserting a heap sort in the
algorithm, which resulted in a substantial reduction in computational time.

Aggarwal et al. (1992) proposed a two-stage algorithm based on Lagrangian relaxation and
branch-and-bound. In this algorithm, the first stage was aimed at determining in polynomial time an
optimal Lagrangian multiplier, which was then used in the second stage within a branch-and-bound
scheme to rank order solutions and finally led to an optimal solution in a relatively low depth of search.

A hybrid algorithm that combined dynamic programming and the branch-and-bound algorithm was
developed by Dyer et al. (1995) to solve the multi-choice Knapsack problem. In this algorithm,
Lagrangian duality was used in a computationally efficient manner to compute tight bounds on every
active node in the search tree. Computational experience indicated that the resulting algorithm ran fast
and was simple to code. Klamroth and Wiecek (2001) also proposed a dynamic programming approach to
find all non-dominated solution to the multi-choice multidimensional Knapsack problem. Osorio and
Glover (2001) presented a method of logic cuts from dual surrogate constraint analysis before solving the
multidimensional Knapsack problem with branch-and-bound, and computational testing showed that the
approach solved different problems in a reasonable amount of time.

2.2.3.2 Heuristic Solution Algorithms
Heuristic Solution Algorithms for the Multi-Choice Knapsack Problem. Zemel (1984) presented a linear

time algorithm for the linear multi-choice Knapsack problem and its D-dimensional generalization based
on Megiddo’s algorithm. In the same period, Dyer (1984) also suggested a linear time algorithm for the
multi-choice Knapsack problem with solution quality within a constant factor of optimality.

Heuristic Solution Algorithms for the Multidimensional Knapsack Problem. Frieze and Clarke (1984)
described a polynomial time approximation scheme for the multidimensional Knapsack problem based on
the used of a dual simplex algorithm for linear programming. Lee and Guignard (1988) presented an
approximation algorithm for the multidimensional Knapsack problem that was controlled by three
user-controllable parameters affecting the tradeoff between solution quality and computational time.
Freville and Plateau (1994) introduced a subgradient heuristic algorithm for the multidimensional
Knapsack problem that provided sharp lower and upper bounds on the optimal value and also a tighter
equivalent representation by reducing the continuous feasible set and by eliminating constraints and
variables. Teng and Tzeng (1996) suggested an effective distance heuristic optimization algorithm for the
multidimensional Knapsack problem involving a project inter-dependence relationship. The algorithm
was able to provide a near optimal solution. Chu and Beasley (1998) presented an algorithm that
incorporated problem-specific knowledge into the standard genetic algorithm for the multidimensional
Knapsack problem. Computational results showed that the genetic algorithm generated superior solutions
to a number of other heuristics with only a modest amount of computational efforts.

Heuristic Solution Algorithms for the Multi-Choice Multidimensional Knapsack Problem. Toyoda (1975)
suggested a simplified heuristic algorithm based on Lagrangian relaxation for an approximate solution to
the multi-choice multidimensional Knapsack problem. Magazine and Oguz (1984) presented a
polynomial time-generalized Lagrangian Multiplier approach based on Toyoda’s algorithm. Volgenant
and Zoon (1990) further extended the algorithm, which also enabled the determination of an upper bound
to the optimal solution by allowing more multipliers to be computed simultaneously and sharpened the
upper bound by changing some multiplier values. Moser et al. (1997) introduced a heuristic algorithm
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based on the Lagrangian multiplier method for a solution to the multi-choice multidimensional Knapsack
problem with polynomial time complexity. Akbar et al. (2001) developed two heuristic algorithms for
solving the multi-choice multidimensional Knapsack problem based on sorting the items of each group in
non-decreasing order according to the value associated with each item. The study’s experimental results
suggested that the heuristic algorithms find near optimal solutions with much less computational
complexity. More recently, Li and Sinha (2004) and Patidar et al. (2007) developed heuristic algorithms
for overall highway asset management and bridge management using Lagrangian relaxation techniques.

2.3  Review Summary

2.3.1 Critiques on the Existing Methods for Project Evaluation and Expected Improvements

The existing methods for highway project evaluation generally estimate project agency and user benefits
using the deterministic life-cycle costing approaches. A few studies found in the literature incorporated
risk-based analyses of construction, rehabilitation, and maintenance variables for pavements and bridges,
as well as highway user costs using Monte Carlo simulation to combine a number of probability
distributions, such as lognormal and triangular distributions. These methods/studies treated all of the
above mentioned variables simultaneously under risk. As a practical matter, in the analysis process some
of the variables might be under certainty, while others might be under risk, and the combination of certain
and risk cases might vary project by project according to their unique characteristics. Moreover, none of
those methods/studies explicitly addressed cases where the agency cost and user cost variables are under
uncertainty with no definable probability distributions.

The inability of existing methods to evaluate highway projects involved with uncertain factors motivates
developing a new methodology that rigorously handles factors such as construction, rehabilitation, and
maintenance costs; travel demand; discount rates under any combination of certainty, risk, and
uncertainty in the project evaluation process. A factor under certainty refers to the case that it only
maintains a single value. A factor under risk refers to the case where there exists a number of possible
values associated with the factor and such values can be characterized by a defined probability
distribution. A factor under uncertainty stands for the case where there are a number of possible values
associated with the factor and a probability distribution for the possible values is not definable. The
proposed methodology for project evaluation is expected to be applied as follows: If a factor is under
certainty, its single value can be used for the computation. If a factor is under risk, the mathematical
expectation of the possible values of the factor can be used for the computation. If a factor is under
uncertainty, a single value will be estimated according to the possible values related to the factor using the
uncertainty analysis theory and this value can then be utilized for the computation. For any highway
project involved with any combination of certain, risk, and uncertain factors, the proposed methodology
will help establish a unique amount of overall project benefits.

2.3.2  Critiques on the Models for Project Selection and Expected Improvements

State transportation agencies have been using ranking, prioritization, and optimization models for project
selection. Optimization models are popular because of the inherent mathematical rigor. Both deterministic
and stochastic optimization models were developed. Those stochastic models separately handled
uncertainty inherited with travel demand and uncertainty induced by data and predictability of
performance models on the selection of highway projects associated with pavements, bridges, and
maintenance, respectively. In overall highway asset management, projects are bundled into contract
packages for implementation. A single contract may contain multiple projects, requesting funds across
different programs over a multi-year period. Hence, the optimization model for project selection must
consider project interdependencies. In addition, highway investment decisions are usually made based on
an estimated budget years ahead of the project implementation period. As time passes by updated budget
information would become available, project selection decisions thus must be updated using the updated
budget information. This study proposes to develop a new stochastic optimization model, along with an
efficient solution algorithm, explicitly addressing project interdependency relationships and budget
uncertainty that may significantly affect the project selection results.
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CHAPTER 3:
PROPOSED METHODOLOGY FOR HIGHWAY PROJECT EVALUATION UNDER
CERTAINTY, RISK, AND UNCERTAINTY

Increase of costs associated with construction, rehabilitation, and maintenance of highway pavement and
bridge assets, coupled with shortfalls in highway budget, has led highway agencies to seek requisite
decision-making tools that utilize economic and operations research techniques to arrive at long-term and
cost-effective investments. One of such tools is life-cycle cost analysis (LCCA) that helps in the
evaluation of overall long-term economic efficiency between competing investment alternatives for
physical highway assets such as pavements and bridges (FHWA, 1998). However, the existing LCCA
methods mainly deal with highway agency costs and do not always address the impacts of highways user
costs in the analysis. Furthermore, the agency cost-based analysis does not necessarily examine the
explicit effect of preventive maintenance in reducing the overall life-cycle costs in detail. The lack of user
cost and maintenance cost considerations limits achieving the intended purpose of more comprehensive
LCCA methods that incorporate risk- and uncertainty-based analysis functions. This chapter presents a
generalized methodology for highway project benefit-cost analyses under certainty, risk, and uncertainty
that overcomes these limitations.

3.1 Framework of the Proposed Methodology

The proposed methodology considers all agency and user costs in the service life-cycle of primary
physical highway assets, such as pavements and bridges. Agency costs mainly consist of capital costs
involved with project construction and the discounted future costs of maintenance and rehabilitation work.
Whereas user costs are those concerned with vehicle operation, travel time, vehicle crashes, and vehicle
air emissions under normal operations and work zone conditions (Figure 3.1). This section provides an
overview of the methodology and detailed descriptions follow in the subsequent sections.
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FIGURE 3.1. Highway pavement and bridge agency and user cost categories.
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3.1.1  Project Direct Costs

The project direct costs generally include direct agency costs and additional user costs resulting from
construction work zones. Direct agency cost elements largely cover capital costs of project land
acquisition, design and engineering support, and construction. User costs related to construction activities
include increased costs of vehicle operation and delays immediately upstream of and within work zones.

3.1.2  Physical asset Life-Cycle Agency and User Costs

In life-cycle cost analysis, the overall agency costs generally include direct agency costs regarding project
construction and subsequent costs of maintenance and rehabilitation such as resurfacing and restoration
incurred during physical asset service life-cycle. On the user costs side, the principal cost categories
include vehicle operating costs, travel time, vehicle crashes, and vehicle air emissions and life-cycle user
costs are estimated based on these user components for all years in the physical asset service life-cycle.

3.1.3  Overall Project Life-Cycle Benefits

3.1.3.1 Mechanistic versus Surrogate Effectiveness Measures of Benefits

Some studies have developed relationships that link the condition deterioration of physical highway assets
such as pavements and bridges with traffic loading and non-load factors, and the expenditures needed for
physical asset condition improvements. With such mechanistic methods, the benefits of highway projects
could be measured directly in monetary terms. Other studies have surrogated project benefits by the area
under the performance curve, with the rationale that physical highway assets with gentle sloping
performance curves indicate better condition and higher service lives compared to those with steep
sloping curves and consequently smaller area under the curves. The proposed methodology utilizes
monetary terms to measure project benefits.

3.1.3.2 Overall Project Benefits in One Service Life-Cycle of Physical Highway Assets

The overall benefits of a highway project in physical asset service life-cycle may be extracted from both
the agency and user perspectives. With the investment in physical highway assets as funded by projects, it
may decrease physical asset life-cycle agency costs and instigate reductions or savings of life-cycle user
costs. Such potential reduction in life-cycle agency and user costs is considered as the overall project
benefits.

In order to estimate the change of life-cycle agency costs, the activity profiles represented by the
frequency, timing, and magnitude of construction, maintenance, and rehabilitation work for major
physical highway assets such as pavements and bridges need to be established. For instance, different
activity profiles need to be established for flexible, rigid, and composite pavements; and for concrete and
steel bridges, respectively.

3.1.3.3 Overall Project Life-Cycle Benefits in Perpetuity
For pavement or bridge assets, the life-cycle benefits in perpetuity can be quantified assuming that the
predetermined life-cycle activity profiles be repeated infinite times.

3.2 Methodology for Deterministic Pavement Life-Cycle Agency Cost Analysis

This section briefly discusses the deterministic highway pavement life-cycle agency cost analysis. The
discussion starts with an introduction to pavement types, design service life-cycle, repair treatment types,
and repair strategies. Explanations are then given to the typical pavement life-cycle activity profiles. The
next portion of the section concentrates on pavement life-cycle agency cost analysis for one service life
and finally extends to perpetuity time horizon.

30



3.2.1  Categorization of Pavement Types

3.2.1.1 Flexible Pavements

Flexible pavements have a surface layer that consists entirely of an asphalt/aggregate mix laid over a
granular treated or untreated base layer, and sometimes an untreated natural gravel subbase layer. For
purposes of the present study, an asphalt pavement is one where all surface, base, and subbase layers
contain an asphalt binder in varying proportions and aggregate gradations and quality (AASHTO, 1993;
INDOT, 2002).

3.2.1.2 Rigid Pavements

Rigid pavements are commonly classified as jointed plain concrete pavements, jointed reinforced
concrete pavements, and continuously reinforced concrete pavements. All three rigid pavement types are
typically constructed on a layer of untreated or treated granular subbase layer. In some cases, an
additional but lower-quality natural gravel or crushed rock layer is used to separate the granular layer
from the subgrade.

3.2.1.3 Composite Pavements

Composite pavements are mainly constructed from existing flexible or rigid pavements that are resurfaced
with asphalt or concrete overlays after many years of service. There have been recent attempts to
construct new composite long life (approximately 40 years) pavements, designed with a layer of crushed
rock followed by an asphalt layer topped by a Portland cement concrete (PCC) layer. The detailed
classification of various pavement types is illustrated in Figure 3.2.
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FIGURE 3.2. Categorization of typical pavement types.

3.2.2  Pavement Design Service Life-Cycle

The design life is the estimated service life of the pavement. It is therefore desirable to use the design
lives for various construction, rehabilitation or maintenance treatment options as the basis of life-cycle
cost analysis. Table 3.1 lists the design lives of some standard treatments recommended by the FHWA
and state transportation agencies (FHWA, 1987; INDOT, 2002; NYDOT, 1992, 1993, 1999). For a
specific maintenance or rehabilitation treatment indicated on this table, it is worth noting that the design
life is not the time to first application, but rather gives an indication of the subsequent time a higher level
of treatment is needed. The estimated design life may vary based on engineering judgment of the existing
pavement conditions, past performance or the drainage system conditions.
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TABLE 3.1. Recommended Pavement Design Life-Cycle

Pavement Type Treatment Design Life (Year)
Flexible New full depth Hot Mix Asphalt (HMA) pavements 20
Thin milling and resurfacing 8
Micro-surfacing overlay 6
Chip sealing 4
Crack sealing 3
Rigid New Portland Cement Concrete (PCC) pavements 30
PCC pavement joint sealing 8
Concrete pavement rehabilitation (CPR) techniques 7
Composite Concrete pavements over existing pavements 25
HMA overlay over rubblized PCC pavements 20
HMA overlay over cracked and seated PCC pavements 15
HMA overlay over CRC pavements 15
HMA overlay over jointed concrete, sawed and sealed joints 15
HMA overlay over jointed concrete 12
HMA overlay over asphalt pavements 15
Micro-surfacing overlay 6

3.2.3  Pavement Treatment Types

Pavement treatment types are generally classified as maintenance and rehabilitation categories. In the
maintenance category, it can be further divided into preventive and corrective maintenance treatments,
depending on the purpose of the maintenance activity as listed in Table 3.2 (FHWA, 1991; Geoffroy,
1996; Labi and Sinha, 2002).

TABLE 3.2. Typical Maintenance and Rehabilitation Treatments

Pavement Preventive Corrective Rehabilitation
Type Maintenance Maintenance
Flexible - Thin Resurfacing - Shallow patching - Cold milling and resurfacing
Thin asphalt/concrete overlay - Deep patching - Hot or cold recycling
Micro-surfacing
- Seal Coating
- Localized
Crack sealing, bump grinding
Rigid - Thin Resurfacing - Shallow patching - Resurfacing
Thin asphalt/concrete overlay - Deep patching - Rubblization followed by
- Localized resurfacing
Crack sealing - Crack seating followed by
Fault grinding resurfacing
Under-sealing - (Un)bonded concrete overlay
Retrofitting - Concrete pavement restoration
Composite - Thin resurfacing: - Shallow Patching - Resurfacing
Thin asphalt overlay/inlay - Deep Patching - Milling followed by resurfacing
Micro-surfacing - Milling followed by rubblization and
Ultra-thin concrete overlay resurfacing
- Seal Coating - Milling followed by
- Localized crack-and-seating and resurfacing

Crack sealing, bump grinding,
sawing, and sealing
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3.2.4  Pavement Life-Cycle Maintenance and Rehabilitation Strategies

3.2.4.1 Pavement Service Life-Cycle and Rehabilitation Life-Cycle

In this study, a pavement service life-cycle is defined as the time interval between two consecutive
construction activities. Similarly, a pavement rehabilitation life-cycle is defined as the time interval of
adjacent construction to rehabilitation, rehabilitation to rehabilitation or rehabilitation to reconstruction or
new construction work.

3.2.42 Maintenance and Rehabilitation Strategies

A strategy is defined as a combination of treatments or work activities and their respective timings.
Within the pavement service life-cycle, a rehabilitation strategy involved with a combination of
rehabilitation activities such as HMA resurfacing and thick overlays, concrete overlays, and concrete
restoration applied at various times can be established. Within pavement rehabilitation life-cycle, a
maintenance strategy consisting of a combination of maintenance activities applied at various times can
be developed (Peshkin et al., 2005). Figure 3.3 provides a schematic illustration of maintenance and
rehabilitation strategies in a pavement service life-cycle.
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FIGURE 3.3. Maintenance and rehabilitation strategies in pavement service life-cycle.

Pavement maintenance strategies are typically comprised of preventive treatments, such as crack sealing,
chip sealing, and thin overlays. Such preventive treatments are applied before the onset of significant
structural deterioration (O’Brien, 1989). In the past, corrective maintenance treatments have generally
been excluded from strategy formulations because it has been argued that unlike preventive maintenance,
they are typically carried out not in anticipation of distress, but to address distress that have already
occurred. This study will consider corrective maintenance treatments for correcting pavement distresses
in a pavement maintenance strategy that can be reliably predicted. Table 3.3 presents the application
criteria of preventive and corrective maintenance treatments (Labi and Sinha, 2002).
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TABLE 3.3. Application Criteria of Preventive and Corrective Maintenance Treatments

Pavement Treatment Average Age at Average Frequency Average Perceived
Type 1** Application of Application Treatment Life
(Year) (Yearly Interval) (Year)

Flexible Crumb rubber sealing 2 N/I N/I
Crack sealing 3 4 3
Chip sealing 7 5 6
Sand sealing 12 4 5
Micro-surfacing 15 N/1
Thin Hot Mixed Asphalt 17 11 11
(HMA) overlay

Rigid Under-drain maintenance 1 2 2
Crack sealing 6 4 6
Joint sealing 8 6 10

Composite Under-drain maintenance 1 1 2
Crumb rubber sealing 2 N/I N/I
Crack sealing 2 3 4
Chip sealing 10 5 5
Sand sealing 12 4 5
Micro-surfacing 15 N/1 3
Thin HMA overlay 20 11 9

Note: N/I- Not indicated.

3.2.5 Typical Pavement Life-Cycle Activity Profiles

Maintenance and rehabilitation activities that make up pavement repair strategies in the pavement service
life-cycle may be determined based on two ways: i) preset time intervals according to pavement age or
combined efforts of cumulative traffic loading and non-load factors; and ii) condition triggers for
treatments using disaggregated measures including cracking, rutting, and faulting indices or aggregated
measures such as Present Serviceability Index (PSI).

In current practices, many state transportation agencies use preset time intervals rather than condition
triggers to develop pavement repair strategies. In condition trigger based strategies, a specific activity is
carried out any time a selected measure of pavement condition or performance reaches a certain threshold
value. This approach is theoretically sound, but difficult to implement in practice. Problems associated
with the use of condition trigger values for strategy formulation include the following: i) lacking
established trigger values to carry out treatments; ii) lacking reliable current pavement condition data; iii)
lacking consistent historical data on individual distresses or aggregate performance indices for modeling;
and iv) matching distress types and treatments for situations where more than one distress are addressed
by the same treatment or where one distress is addressed by more than one treatment.

For the option of using preset time intervals, pavement age is commonly adopted to determine pavement
repair strategies. This implicitly assumes that pavement condition follows a pattern than can be predicted
on the basis of pavement age. The justifications are two-fold. First, age is considered a surrogate for
combined efforts of cumulative load and non-load factors. Second, reliable data on traffic loading and all
other non-load effects are relatively difficult to collect. While this may generally be true, the success of
developing realistic pavement repair strategies depends on the integrity of age/load/condition relationship,
and may be weakened by subsequent changes in the highway environment such as better materials,
heavier than expected loading, and more severe weather conditions. In the current study, the combination
of age and cumulative traffic loading effects is used to developed typical pavement repair strategies.
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The existing literature suggests 20-year and 30-year design lives for new full-depth HMA flexible and
PCC rigid pavements, respectively. The current practices also propose a 15-year design life for HMA
overlays over in-service flexible pavements, a 12 to 15-year design life for HMA over in-service rigid
pavements, and a 25-year design life for concrete over in-service flexible or rigid pavements. Given a new
or in-service pavement, the expected design life may not be reached without adequately implementing
preventive or corrective maintenance treatments. On the other hand, the design life can be extended if
appropriate preventive maintenance and rehabilitation treatments are applied. The portion of service life
of a new pavement after applying the first rehabilitation treatment can be regarded as the service life of a
composite pavement.

In the current study, a 40-year service life is proposed for the life-cycle cost analysis of new flexible and
rigid pavements. Within the 40-year period, one rehabilitation, one or more major preventive maintenance,
and regular or irregular routine or corrective maintenance treatments are expected to be implemented. The
timing of applying rehabilitation and preventive maintenance treatments is relative to pavement age. It
will, however, be slightly adjusted according to cumulative traffic loading. If a higher level of cumulative
traffic loading is expected, those treatments will be implemented a few years earlier. Otherwise, the
treatments can be deferred to some extent. Table 3.4 summarizes the criteria used to separately establish
the typical pavement life-cycle activity profiles for flexible, rigid, and composite pavements.

TABLE 3.4. Criteria Considered for Establishing Typical Pavement Life-Cycle Activity Profiles

Pavement Type

Criterion Flexible Rigid Composite
Extended A fixed 40-year service life-cycle A fixed 40-year service life-cycle With passage of time,
Service Life for flexible pavements extended  for rigid pavements extended new flexible or rigid

from 20 years of design lives from 30 years of design lives pavements will
Repair - Once for rehabilitation - Once for rehabilitation eventually become
Frequency - Once or twice for preventive - Four times for preventive composite pavements
maintenance maintenance depending on types of
Repair - First treatment and treatment - First treatment and treatment materials used for
Timing intervals first determined by intervals first determined by rehabilitation , i.e.,
pavement age pavement age HMA over HMA,
- The treatment timing then - The treatment timing then HMA over PCC or
adjusted by traffic loading adjusted by traffic loading PCC over PCC

The recommended life-cycle activity profiles for new flexible and rigid pavements are presented in
Figures 3.4-3.7. To provide sufficient flexibility for the life-cycle cost analysis, two different activity
profiles are prepared for each pavement type. The life-cycle activity profiles for composite pavements are
embedded into individual life-cycle activity profiles for new flexible and rigid pavements.
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3.2.6 Pavement Life-Cycle Agency Cost Analysis

3.2.6.1 Pavement Life-Cycle Activity Cost Categories

Cost analysis is a cardinal element of any highway LCCA study. All costs incurred over the highway
pavement service life-cycle including those of construction, rehabilitation, and maintenance must be
considered in the analysis. Some adjustments to the respective costs occurring over time need to be made
to account for inflation so that all such costs are expressed in constant dollars. The constant dollars can
then be discounted to establish the present worth of life-cycle costs in reference to a base year (FHWA,
1998, 2000; Labi and Sinha, 2002).

Pavement maintenance costs are incurred to preserve the capital investments made in the highway
pavements and to ensure that the pavement provides a satisfactory level of service to highway users.
Maintenance treatments are implemented for either preventive or corrective purposes on a routine or
periodic basis. Maintenance costs may be expressed in average unit accomplishment costs per treatment
or in average costs of all maintenance treatments per lane-mile received by pavement type and age group.

Pavement construction/rehabilitation costs are the capital costs incurred in all phases of the design and
construction such as feasibility studies, surveying, geometric and pavement design services, right-of-way
(ROW) acquisition, and construction of pavements, as well as costs of subsequent rehabilitation activities.
Like maintenance costs, construction and rehabilitation costs may be reported by unit accomplishment
costs per treatment activity or by pavement section considering all types of treatments the pavement
receives for the period between initial construction and the next reconstruction.

3.2.6.2 Quantification of Pavement Life-Cycle Agency Costs

The pavement life-cycle agency costs for one service life-cycle can be quantified on the basis of the
proposed pavement life-cycle activity profiles. It is assumed that the routine maintenance costs will
increase slightly in response to pavement condition deterioration. A geometric gradient rate of annual
growth is introduced for future years to facilitate the calculation of pavement life-cycle agency costs.
Different gradients are proposed for different periods between major repair treatments. Assuming that
such service life-cycle will repeat infinite times, the life-cycle agency costs in perpetuity can be
determined.

Denote:

PWicac = Present worth of pavement life-cycle agency costs

PWicacw = Present worth of pavement life-cycle agency costs in perpetuity

EUAAC = Equivalent uniform annual pavement agency costs

EUAAC, = Equivalent uniform annual pavement agency costs in perpetuity

Ccon = Pavement construction cost

Cren = Pavement rehabilitation cost

Crmi = Pavement 1* preventive maintenance cost

Cpov2 = Pavement 2“d preventive maintenance cost

Co = Pavement 3" preventive maintenance cost

Coms = Pavement 4" preventive maintenance cost

CMAINT = Annual pavement maintenance cost incurred between construction and ks major repair
Cuyama = Annual pavement maintenance cost incurred between the 1% and 2™ major repairs
CMAN3 = Annual pavement maintenance cost incurred between the 2™ and 3™ major repairs
CMamN = Annual pavement maintenance cost incurred between the 3" and 4" major repairs
CMAINS = Annual pavement maintenance cost incurred between the 4™ and 5 major repairs
CuMaNg = Annual pavement maintenance cost incurred between the 5" and 6™ major repairs

M1 = Growth rate of annual pavement maintenance cost between construction and 1% major repair
vz = Growth rate of annual pavement maintenance cost between the 1% and 2™ major repairs
a3 = Growth rate of annual pavement maintenance cost between the 2™ and 3™ major repairs
v = Growth rate of annual pavement maintenance cost between the 3" and 4™ major repairs
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M5 = Growth rate of annual pavement maintenance cost between the 4™ and 5™ major repairs
M6 = Growth rate of annual pavement maintenance cost between the 5™ and 6™ major repairs
i = Discount rate

t = Time of year a major treatment is implemented

T = Number of years of service life.

The procedures for computing pavement life-cycle agency costs use the respective activity profiles
established for flexible and rigid pavements presented in the previous subsection. For each life-cycle
activity profile, the computation is first made for one service life and then extended to perpetuity horizon
under the assumption that the same life-cycle activity profile would be repeated an infinite number of
times. The results are expressed in present worth and equivalent uniform annual amounts. The details are
presented in Tables 3.5 and 3.6.

TABLE 3.5. Computation of Flexible Pavement Life-Cycle Agency Costs

Strategy Computation
Agency Cost 3
Profile | | ¢ _____________
0 =15 t, = 30/32/33 T=40 Year
1< e
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TABLE 3.6. Computation of Rigid Pavement Life-Cycle Agency Costs
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3.3 Methodology for Deterministic Bridge Life-Cycle Agency Cost Analysis

This section briefly describes deterministic highway bridge life-cycle agency cost analysis. The
discussion covers bridge types, design service life-cycle, repair treatment strategies, life-cycle activity
profiles, and life-cycle agency cost analysis for one service life-cycle and in perpetuity.

3.3.1 Categorization of Bridge Types

A bridge is comprised of substructure, superstructure, and deck components. Five types of superstructure
(reinforced concrete slab or box-beam, concrete I-beam, steel beam, and steel girder) and two types of
substructure (solid stem and pile type) are commonly encountered in practice. Reinforced concrete and
composite materials are commonly used for bridge decks. The detailed classification of various highway
bridge types is illustrated in Figure 3.8.

| Highway Bridge Types |
]

Y L4 Y Y Y
Pile Solid Concrete Steel Reinforced| |Polymer Reinforced| | Carbon
Stem Concrete Composites Fiber
| |
Y Y L4
Concrete| | Reinforced | |Reinforced| Steel | | Steel Steel- Fiber-
I-Beam Concrete Concrete Beam| | Girder| [Reinforced| | Reinforced
Box-Beam Slab Concrete Concrete

FIGURE 3.8. Categorization of typical highway bridge types.

3.3.2  Bridge Design Service Life-Cycle

Similar to using design service lives for pavement life-cycle agency cost analysis, the design service lives
are also proposed for use in bridge life-cycle agency cost analysis. In this study, a bridge service life-cycle
is defined as the time interval between two consecutive bridge replacements or new bridge construction
work and a bridge rehabilitation life-cycle is defined as the time interval of adjacent construction to
rehabilitation, rehabilitation to rehabilitation or rehabilitation to replacement or new construction work
(Gion et al., 1993; Hawk, 2003). Table 3.7 lists the recommended bridge design lives classified by
superstructure type.

TABLE 3.7. Recommended Bridge Design Service Life-Cycle

Superstructure Material Superstructure Type Design Life (Year)
Concrete Channel Beam 35
T-Beam 70
Slab 60
Girder 70
Prestressed Concrete Box-Beam 65
Segmental Box Girder 50
Steel Box-Beam 70
Girder 70
Truss 80

40



3.33

Typical Bridge Treatment Types

Maintenance, rehabilitation, and replacement treatments can be applied to a specific substructure,
superstructure or deck component or be jointly applied to deck and superstructure components (Gion et al.,
1993; Hawk, 2003). Table 3.8 presents typical bridge treatment types.

TABLE 3.8. Typical Bridge Maintenance, Rehabilitation, and Replacement Treatments

Bridge Component Maintenance Rehabilitation Replacement
Deck -Deck maintenance |-Deck rehabilitation -Deck replacement
-Deck rehabilitation and bridge |-Deck replacement and bridge
widening widening
Superstructure -Superstructure -Superstructure strengthening  |-Superstructure replacement
maintenance -Superstructure strengthening and and bridge widening
bridge widening
Deck and -Deck and -Deck and superstructure -Deck replacement and
Superstructure superstructure rehabilitation superstructure rehabilitation
maintenance -Deck and superstructure -Deck replacement,
rehabilitation and bridge superstructure rehabilitation,
widening and bridge widening
Substructure -Substructure -Substructure rehabilitation -Substructure replacement as
maintenance part of bridge replacement

3.3.4  Bridge Life-Cycle Repair Strategies and Activity Profiles

Of various types of treatments to bridge components, deck rehabilitation is the most commonly used
alternative. The review of existing literature indicates that typically the first deck rehabilitation is
implemented 20 years after the initial construction. Depending on bridge superstructure types, deck
replacement or superstructure replacement is scheduled 15 years after the first deck rehabilitation. Within
the same bridge service life-cycle, the second deck rehabilitation is carried out 20 or 25 years after deck
or superstructure replacement. The recommended life-cycle activity profiles for various types of concrete
and steel bridges are shown in Figures 3.9-3.17.
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FIGURE 3.9. Typical life-cycle activity profile of concrete channel beam bridges.
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T=70 Year

|€——————— Concrete Girder Bridge Service Life-Cycle ——————|
FIGURE 3.14. Typical life-cycle activity profile of concrete girder bridges.
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FIGURE 3.15. Typical life-cycle activity profile of steel box-beam bridges.

© (—— > Construction
\
—\ Deck Rehabilitation
\
2 Deck Replacement
—|—)‘ Deck Rehabilitation
\

T=70 Year

| €& Steel Girder Bridge Service Life-Cycle ———————>|

I
[}
=)

I
[
<

I
w
<

FIGURE 3.16. Typical life-cycle activity profile of steel girder bridges.

T=80 Year

| Steel Truss Bridge Service Life-Cycle ——|
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3.3.5  Bridge Life-Cycle Agency Cost Analysis

3.3.5.1 Bridge Agency Cost Categories

Bridge agency costs are primarily concerned with design and construction, routine maintenance, deck and
superstructure rehabilitation and replacement, and bridge replacement. Design costs include all the costs
related to the engineering design, field tests and related equipment, and human resource costs.
Construction costs include the costs of materials, equipment, and labor. Design and construction costs
also include all the administrative costs associated with the bridge project. Routine maintenance costs are
a function of type of material, weather condition, location, and traffic levels. Routine maintenance costs
are normally estimated for individual bridge components. Rehabilitation costs of bridge components
include major repair activities and require engineering analysis. The costs associated with the replacement
of any bridge component by the end of its service life are taken as the component replacement costs. The
analysis follows the same procedure adopted for component rehabilitation costs.

3.3.5.2 Estimation of Bridge Element Costs

Cost estimation of the activities related to bridge is an important part of the bridge life-cycle cost analysis.
Accurate cost estimations provide firmer support to make analysis between various alternatives.
Cobb-Douglas production functions can be utilized to estimate bridge component replacement costs as a
function of bridge length, deck width, and vertical clearance.

3.3.5.3 Typical Bridge Life-Cycle Cost Analysis

The bridge life-cycle agency costs for one service life-cycle can be quantified on the basis of the proposed
bridge life-cycle activity profiles. It is assumed that the routine maintenance costs will increase slightly in
response to bridge condition deterioration. A geometric gradient rate of annual growth is introduced for
future years to facilitate the calculation of bridge life-cycle agency costs. Different gradients are proposed
for different periods between major repair treatments. Given that such service life-cycle will repeat
infinite times, the bridge life-cycle agency costs in perpetuity can be calculated.

Denote:

PWicac = Present worth of bridge life-cycle agency costs

PWicace = Present worth of bridge life-cycle agency costs in perpetuity

EUAAC = Equivalent uniform annual bridge agency costs

EUAAC, = Equivalent uniform annual bridge agency costs in perpetuity

Ccon = Bridge construction cost

Cprckren1 - = First bridge deck rehabilitation cost

Coeckremz = Second bridge deck rehabilitation cost

Cpeckrep = Bridge deck replacement cost

Csup Rep = Bridge superstructure replacement cost

CuMAINI = Annual bridge maintenance cost incurred between construction and I major repair
Cuyama = Annual bridge maintenance cost incurred between the 1* and nd major repairs
CMmams = Annual bridge maintenance cost incurred between the 2™ and 34 major repairs
CuMama = Annual bridge maintenance cost incurred between the 3" and 4" major repairs

M1 = Growth rate of annual bridge maintenance cost between construction and 1% major repair
vz = Growth rate of annual bridge maintenance cost between the 1* and 2™ major repairs
3 = Growth rate of annual bridge maintenance cost between the 2™ and 3" major repairs
M4 = Growth rate of annual bridge maintenance cost between the 3™ and 4™ major repairs
i = Discount rate

t = Time of year a major treatment is implemented

T = Number of years of service life.

The procedures for computing bridge life-cycle agency costs use the respective activity profiles
established for various concrete and steel bridges presented in the previous subsection. For each life-cycle
activity profile, the computation is first made for one service life and then extended to perpetuity horizon
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under the assumption that the same life-cycle activity profile would be repeated infinite times. The results
are expressed in present worth and equivalent uniform annual amounts, as Tables 3.9 and 3.10.

TABLE 3.9. Computation of Concrete Bridge Life-Cycle Agency Costs

Bridge Type Computation
§
Agency Cost E
Profile f
Concrete e T ’le 35 Year
Channel Beam j— Concl;ergi gCChgzlrnVeilccBeam —>
PWycac = Ccon+Cprck reni/(1 ‘T"f)t' +(CMAH%I ! (1-((1+gm) (1+ti Y DV/(-gwn)
H(Coamo (1-(I+g) ™ (1 i Y "))/ (G-g)) /(1+0)'
PWicacs = PWicac/(1-(1/(1+0)"))
EUAAC  |=PWicac.((G(1+)D(1+)"-1))
EUzﬁACDO = PWLC AcOo.i
Agency Cost ; E ;
Profile i I T
bzt t1:-20- — 6= ;5- — = ;0 ------ 1|' =65 Year
PreStressed |€— Prestressed Concrete Box-Beam Bridge Service Life-Cycle -
]C;onclr;te = Ccon +Cpeck renat/(171)' +Cprck rep/(14)+Cprck rera/(1+)
0X-bBeam HCymani (1-(1+gun) ' (147 )Y D)) (i-gwn)
PWicac  [H(Cuana(1-(Igne) ) (141 Y SOV Ggan) (1) |
H(Cuana(1-(Irye) ) (1§ D)) (1)
H(Cransa(1-(Iga) T (1 i Y ")) (i-gua)(1+0)
PWicacs = PWicac/(1-(1/(1+0)"))
EUAAC  |=PWicac.((i(1+))(1+)"-1))
EUzﬁACDO = PWLC AcOo.i
Agency Cost % § §
Profile {Q I %
I t= 2-0- — L= 3—5 ______ 3= ;5 ----- "ll'— 70 Year
Concrete |€————————— Concrete T-Beam Bridge Service Life-Cycle—)I
T-Beam = Ccon +Cpeck renast/(1+9) +Csup rep/(1+)+Cprck rem/(1+)'
HCymani (1-(1+gun) ' (147 )Y D)) (i-gwn)
PWicac  [H(Cuana(1-(Igne) ) (141 Y SOV Ggan) (1) |
H(Cuana(1-(Irye) ) (1§ Y D)) (1)
H(Cranna(1-(1tgna) T (1 i Y ") i-gua)/(1+0)
PWicacs = PWicac/(1-(1/(1+0)"))
EUAAC  |=PWicac.(((1+)N(1+)"-1))
EUzﬁACDO = PWLC AcOo.i
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TABLE 3.9. Computation of Concrete Bridge Life-Cycle Agency Costs (Continued)

Bridge Type

Computation

opr—» Ceov
CDE 'CK REH1
\
Corck ren.
\

Agency Cost
Profile
------ ti= ;0- - = ;5- . T=60 Year
Concrete Slab |€——— Concrete Slab Bridge Service Life-Cycle ———»{
= Ccon +Cpeck rent/(17) +Cpick rera/(1+)
PW.ycac +(CMA[N1 ( ! _( ! +gM1) tl(t(.t1 )+ ‘ ) tl))/(gl:)ng) Nt
H(Cvama(1-(1+gm) =7 (14) 7)) (-gme))/ (1)
H(Cuana(1-(I+gve) T (141 ) T (-gua)(1+1)
PWicacs =PWicac/ (1-( 1/ (1+ )T))
EUAAC = PWycac (((1+)D(1+) 1))
EUAACDO = PWLC Acgo.i
Agency Cost & UE
Profile [ » { . ,I -
Prestressed 0 =20 =235 T=50 Year
Prestressed Concrete Segmental Box
Concrete Girder Bridge Service Life-Cycle
Segmental
Box Girder = Ccon+Cprck rent/(1+1) +Cprck rena/(1+7)'s
PWcac H(Cyana(1-(1+gm1) t\(t(l;r i) t'.))_/ gti_'tf)ng) . N
H(Cvama(1-(1+gm) 27 (140) 7)) (-gme))/ (1)
H(Cvans(1-(1+gum3) ) d+i)y (T-tz)))/ (i-gua))/(141)
PWicacs = PWreac/(1-(1/(1+)"))
EUAAC = PW_cac ((((1+)D)((1+)'-1))
EUAACDO = PWLC AcOo.i
Agency Cost 5 3 5
Profile l f '[ %Q
0 —— = 2-0- = 3_5_ - = 5-5- - T|: 70 Year
Concrete |€———————— Concrete Girder Bridge Service Life-Cycle ————]
Girder = Ccon+Cprck remi/(1+1)\+Csup rep/(1+1) +Cprek rem/ (1) s
HCuami(1-(1+gm) " (141 ) ) (i-gwnr)
PWicac H(Crana(1-(1+gwe) ) (147 Y OV G-gu))(1+)
H(Cuans(1-(T+gus) & (14 )y SO (=g (1)
H(Cuama(1-(1+gua) ™ (1+ 1 Y ) (Gi-gaa))/(1+)
PWicacw = PWicac/(1-(1/(1+i)"))
EUAAC =PWcac (G(1+)N((1+)'-1))
EUAACOO = PWLC ACoc-i

46



TABLE 3.10. Computation of Steel Bridge Life-Cycle Agency Costs

Bridge Type Computation
Agency Cost g § 2
Profile Q{ I T
peomt t= 2-0- — tz—_35_ _____ h:_ss ————— T=70 Year
Steel |[€———————— Steel Box-Beam Bridge Service Life-Cycle ————>]
Box-Beam = Ccon +Cprck rent/(1+1) +Csup rep/(1+) +Cprck rera/ (1)
HCuami(1-(1+gwn) " thr i)y tl))/t(it'ng) .
PW, cac H(Cuama(1-(1Fgu) &1 (14 1) SV (G-gwn))/(1+)
H(Cvans(1-(1+gums) (;*-tz) (I+iy (t%-tz)))/ (i-gws))/(1+0) -
H(Coansa(1-(Iga) T (1 iy ") (i-gua))/(1+i)
PWicacs =PWicac/ (1-( 1/ (1+ )T))
EUAAC =PW_rcac (((14))((1+i)'-1))
EUzﬁACDO = PWLC AcOo.i
Agency Cost ] E Q,E E
Profile X .
....... o DO DU SR
0 =20 =135 =55 T=70 Year
| € Steel Girder Bridge Service Life-Cycle —————{
: =C +C /( 1 +i)t1 +C /( 1 +i)tz+CDECK REHZ/( 1 +i)t3 = CCON
Steel Glrder CON DECK REH1 DECK REP!
+Cpeck rent/(1+1)+Csup rep/(1+1) +Cprck ren/(1+)'
PWcac HCmami (1-(I+gu) s (1) ))/(-gwnr)
H(Cumana(1-(1+gu2) &) (1+ iy SO (i-gu)) /(1)
H(Cymanz(1-(1+gwms) (;*-tz) (1+iy (t%-tz)))/ (i-gwm3))/(1+0) P
H(Cuama(1-(+gna) T (14 i) T0)) (Gi-gua))/(1+)
PWicacs = PWicac/(1-(1/(1+i)"))
EUAAC =PWrcac (((1+))((1+)'-1))
EUAACDO : PWLC Acgo.i
5
Agency Cost [ § 5 §
Profile A '[ A
......... A4
0 =25 = =165 T=80 Year
I(—Steel Truss Bridge Service Life»Cycle_H
Steel Truss = Ccon +Cpecxk rexn/(1+4)" +Cpgck rep/(1+) +Cprck rem/ (1 +i)tz
+H(Cyvanvi (1-(1+gy) s (147 ) D)) (-gun1)
PWicac H(Cumana(1-(1+gu2) &) (14 iy ) (i-gu)) /(1)
H(Cuans(1-(Igws) ) (18 ) (i) (1)
H(Cumansa(1-(1+gue) ™ (14 8) ) (G-gua) (1+i)
PWicacs = PWycad/(1-(1/(1+i)"))
EUAAC = PW_cac ((((14))((1+)'-1))
EUAACOO = PWLC ACoo-i
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3.4  Methodology for Deterministic Highway Life-Cycle User Cost Analysis

3.4.1 Highway User Cost Components and Categories

User costs are costs incurred by highway users over the physical asset service life-cycle, depending on the
highway improvements and associated repair strategies over the service life-cycle. User costs consist of a
substantial part of the total transportation costs for highway investments and can often be the major
determining factor in life-cycle cost analysis. As illustrated in Figure 3.18, there are two dimensions of
highway user costs: 1) user cost components (vehicle operating costs (VOC), travel time costs, crash costs,
and air emission costs) (AASHTO, 2003; FHWA, 2000; Zaniewski et al., 1982); and ii) user cost
categories (work zone user costs and normal operations user costs) (FHWA, 1998).
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FIGURE 3.18. User cost trends in highway physical asset service life-cycle.

3.4.1.1 Highway User Cost Components

Vehicle operating costs are mileage-dependent costs of running automobiles, trucks, and other motor
vehicles on highways, including the expenses of fuel, tires, engine oil, maintenance and the portion of
vehicle depreciation attributable to highway mileage traveled. Factors affecting vehicle operating costs
include vehicle type, vehicle speed, speed changes, gradient, curvature, and pavement surface conditions.

Travel time costs refer to the value of time spent in travel and include costs to businesses of time by their
employees, vehicles and goods, and costs to consumers of personal unpaid time spent on travel, including
time spent parking and walking to and from a vehicle.

Vehicle crash costs are costs related to motor vehicle crashes classified by severity as fatality, injury, and
property damage only (PDO) categories.

Vehicle air emission costs are external costs associated with major pollutants emitted by vehicles,
including carbon dioxide (CO,), non-methane hydrocarbons (NMHC), carbon monoxide (CO), nitrogen
oxides (NOy), total suspended particles (TSP) and sulfur dioxide (SO5,).

3.4.1.2 Highway User Cost Categories

Work zone user costs are the increased vehicle operating costs, delay, and crash costs to highway users
resulting from construction, maintenance, and rehabilitation activities. User costs in this category are a
function of the work zone configuration, duration, timing, and scope; and also depend on the volume and
operating characteristics of the traffic traversing the work zones.

Normal operations user costs reflect highway user costs associated with using a physical asset during
periods free of construction, maintenance or rehabilitation activities that restrict the physical asset
capacity. Of individual user cost components in this category, vehicle operating costs vary considerably
according to vehicle type, speed, speed changes, design features, and physical asset conditions. During
normal operations, little difference exists between delay and crash costs resulting from physical asset
design alternatives.
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3.4.2  Calculation of Work Zone User Costs

The Highway Capacity Manual (HCM) defines a work zone as an area of a highway where highway
preservation activities impinge on the number of lanes available to traffic or affect the operational
characteristics of traffic flowing through the area (TRB, 2000). Highway construction, rehabilitation and
maintenance activities can significantly reduce the highway capacity and vehicle operating speed, which
may result in queue development and consequently travel delays and increased vehicle operating costs.
User costs for work zone operations are influenced by a variety of factors such as physical asset type,
work type, traffic volume and vehicle composition, and work zone characteristics. Recent research
showed little impact of work zones on crash rates, which are omitted from work zone user cost
computation. Table 3.11 lists individual components of excessive vehicle operating costs and delays
caused by work zones.

TABLE 3.11. Components of Excessive Vehicle Operating Costs and Delays Caused by Work

Zones
Flow Existence of VOC Components Delay Components

Characteristic|Work Zone| Queue | Work Zone Upstream | Work Zone Upstream | Within Work Zone
Uncongested Yes No - Speed change - Speed change - WZ reduced speed
Congested Yes Yes |- Speed change - Speed change - WZ reduced speed

- Stopping - Stopping

- Queue idling - Queue reduced speed

No Yes |- Stopping - Stopping None
- Queue idling - Queue reduced speed

Table 3.12 provides a systematic methodology for quantifying and costing the additional vehicle
operating costs and delay costs resulting from work zones.
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TABLE 3.12. Computation of Excessive Work Zone User Costs

Procedure Method
Step 0 |Determine inputs - Determine project future-year traffic demand
(AADT, directional hourly demand, vehicle composition)
- Determine normal operations characteristics
(highway capacity, speed)
- Determine work zone characteristics
(construction duration, work zone operation hours and length)
Step 1 |Determine - Vehicle class 7 future year AADT; = (Base year AADT) x(% vehicle
future-year traffic class i)x((1+class i annual growth)™ e yerbase yean,
demand
Step 2 |Calculate work zone - Vehicle class i directional hourly volume DHV; = (Future year
directional hourly AADT;)x(Directional distribution 7) x(Hourly traffic distribution factor
traffic demand i)
Step 3 |Determine roadway - Determine physical asset normal operations capacity using HCM
capacity - Determine work zone capacity using HCM
Step 4 |Identify user cost - Identify various VOC and delay components for each hour as listed in
components Table 3.11
Step 5 |Quantify traffic - Hourly queue rate = DHV- normal/work zone capacity
affected for each - Hourly vehicles queued = cumulative hourly queue rates
VOC and delay - Vehicles traverse work zone = DHV with work zone
component - Vehicles traverse queue = normal/WZ capacity with queue
- Vehicles stopped for the queue = DHV with queue
- Vehicles slowed down = DHV with work zone, no queue
Step 6 |Compute queue - Hourly volumes through queue and upstream of queue
reduced speed delay - Hourly speeds through queue and upstream of queue
- Hourly densities through queue and upstream of queue
- WZ delay = WZ length/WZ speed- WZ length/upstream speed
- Queue delay = Queue length/queue speed- queue length/upstream
speed
- Average hourly vehicles in queue = Arithmetic average of vehicles
queued at the beginning and end of each hour
- Average hourly queue length = Average hourly vehicles in
queue/(density in queue - density upstream of queue)
- Average queue delay per vehicle = Average hourly queue length/queue
speed
Step 7 |Select added VOC - Select added VOC rates due to speed change, stopping, and queue
rates idling by vehicle class
Step 8 |Select added delay - Select added delay time due to speed change, stopping, queue reduced
time and hourly time speed, and work zone reduced speed by vehicle class
values - Select hourly time values by vehicle class
- Compute added delay costs
Step 9 |Assign traffic to - Distribute respective number of vehicles affected by speed change,
vehicle classes stopping, queue, and traversing work zone to each vehicle class
Step 10 |Compute work zone - Compute total added VOC costs for the construction duration

user costs

- Compute total added delay costs for the construction duration
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3.4.3  Calculation of Normal Operations Life-Cycle User Costs

3.4.3.1 Calculation of Normal Operations Annual User Costs for Individual User Cost Components
For highway segments with traffic operations affected by a specific project, the annual costs of vehicle
operation, travel time including delays, vehicle crashes, and vehicle air emissions for the initial-year are
separately calculated on the basis of the corresponding vehicle miles of travel (VMT) and respective per
VMT unit rates of individual user cost components. The quantified individual user cost components are
then converted into dollar values and aggregated to arrive at the annual total user costs (AASHTO, 2003;
FHWA, 2000; Zaniewski et al., 1982). Table 3.13 presents detailed steps for computing the annual user
costs under normal operations conditions.

Denote:

ucC = Annual total highway user costs

VOC = Annual vehicle operating costs, in dollars per year
TTC = Annual travel time costs, in dollars per year

Delayiyersections = Annual vehicle intersection delay costs, in dollars per year
Delaygg crossings = Annual vehicle railroad crossing delay costs, in dollars per year

Delayincigents = Annual vehicle incident delay costs, in dollars per year

VCC = Annual vehicle crash costs, in dollars per year

VEC = Annual vehicle emission costs, in dollars per year

VMT,; = Annual vehicle miles of travel for vehicle class i

UVOCj = Unit cost of VOC component k for vehicle class i, in dollars per VMT
UTTC; = Unit travel time value for vehicle class 7, in dollars per hour

UVCC, = Unit cost of vehicle crashes for crash severity p, in dollars per crash
UVEC; = Unit rate of vehicle emitted pollutant type ¢ for vehicle class i, in dollars per VMT
Speed; = Average travel speed for vehicle class i

N; = Number of intersections of type /

Average Delay, = Average delay at intersection of type /, in hours/vehicle

K = Number of trains passing railroad crossing m per year

TSD,, = Total stopped delay time per train at railroad crossing m, in hours/train
Incident Delay; = Delay time per incident by vehicle class i, in hours/vehicle

Incident Rate; = Number of incidents per million VMT by vehicle class i

Crash Rate, = Vehicle rashes of type p per million VMT, in crashes/million VMT

Emission Rate;, = Quantities of pollutant type g emitted by vehicle class 7, in tons/VMT

i = Vehicle class 1 to 13

J = Number of project indirectly affected highway segments

k = VOC component 1 to 5 for fuel consumption, oil consumption, tire wear, vehicle
depreciation, and maintenance and repair

= Intersection type 1 to L

= Railroad crossing 1 to M

= Crash severity type 1 to 3

= Pollutant type 1 to 6 for CO,, NMHC, CO, NOx, TSP, and SO..

_RT 3~

Note: Subscripts “direct” and “indirect” refer to project directly and indirectly affected highway segments.
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TABLE 3.13. Computation of Normal Operations User Costs in the Initial Year

Procedure Method
Step 0 |Determine inputs - Identify project affected highway segments (directly affected segments,
indirectly affected segments)
Determine initial-year traffic demand of affected segments
(AADT, directional hourly demand, vehicle composition)
Determine normal operations characteristics
(highway capacity, speed)

Step 1 |Determine - Vehicle class 7 initial year VMT; g fOr project directly affected highway
initial-year VMT segment= 365x(initial year AADT)x(% vehicle class i)x(length of the
for project directly directly affected segment)
and indirectly - Vehicle class i initial year VMT; jndirect) fOr project indirectly affected
affected segments highway segment j= 365x(initial year AADT)x(% vehicle class

)x(length of indirectly affected segment /)
Step 2 |Compute vehicle - Determine initial-year VOC for project affected segments
operating costs % 3 5,3 3
perating VG, = A(DUVOG) VM, ] VO = A ZUVOG).(ZVMT, )
i=1 k=1 =l k=l =1
Step 3 |Calculate travel - Determine initial-year travel time costs for project affected segments
. 13 13 N
time cost TTC e = E{(VMTi,dlrcct /Speed ). UTTC,]> TTC, e = Z[( ZVMTi,indircc\(J) /Spcedi(J))'UTTCi]
i=1 =l j=1
Step4 |Quantify delay - Determine initial-year delay costs for project affected segments
13 L
costs Delay,, e seoions.direet/indireet = 2[( E(Nl.AVerage Delay, )).UTTC, ]
b
DelaYi conngs s st = (K- 2TSD,)UTTC,]
i=1 m=1
13
Delay, ens.direct = E[(Incident Delay, .Incident Rate,.(VMT, ;... /1,000,000)).UTTC, ]
i=1
13 N
Delay,ommiea = 2 (Incident Delay, Incident Rate, (( 2VMT, g0 )/1,000,000).UTTC, ]
i=1 j=1
Step 5 |Establish vehicle - Determine initial-year vehicle crash costs for project affected segments
3 13
crash costs VG, = CrashRate, ( X(VMT ... /1000000).UVCG, ]
p=1 i=1
3 13 N
VCC e = 2Crash Rate .( 2(( ZVMT, ;) /1,000,000)).UVCC, ]
p=1 =1 =1
Step 6 |Calculate vehicle - Determine initial-year emission costs for project affected segments
: b : 6 13
aIr emission Costs VECy = 2| 2Emission Rate, VMT, ;. UVEC, )]
- eH 13 N
VEC g0 = 2 2(Emission Rate,.( ZVMT, ..., )-UVEC )]
q=1 i=l j=1

Step 7 |Determine - Determine initial-year total user costs for project affected segments
lnltlal-yeal‘ tOtal UCieet = VOCee + TTC i + Delay, jireet T DCIAYig crossings direct T D€1Y; +VCCyea T VEC et
user costs UCu = VOC i+ TTC s+ DeIaY e ors s+ DAY it cor g s + DY s s+ VEC s + VEC e
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3.4.3.2 Calculation of Life-Cycle User Costs under Normal Operations Conditions

It is assumed that the constant-dollar annual total user costs will increase slightly in response to traffic
demand increase. A geometric gradient rate of annual growth is used for future years to facilitate the
calculation of life-cycle user costs. Different gradients are proposed for different periods between major
repair treatments. The detailed computation is presented in Tables 3.14-3.16.

Denote:

PWicuce = Present worth of highway physical asset life-cycle user costs

PWicuew = Present worth of highway physical asset life-cycle user costs in perpetuity

EUAUC = Equivalent uniform annual highway physical asset user costs

EUAUC, = Equivalent uniform annual highway physical asset user costs in perpetuity

Caucz = Annual physical asset user cost incurred between the 1* and ond major repairs

Caucs = Annual physical asset user cost incurred between the 2™ and 3™ major repairs

Cauca = Annual physical asset user cost incurred between the 3" and 4™ major repairs

Caucs = Annual physical asset user cost incurred between the 4" and 5 major repairs

Caucs = Annual physical asset user cost incurred between the 5™ and 6™ major repairs

gAuC = Growth rate of annual physical asset user cost between initial construction and 1* major
repair

gauc2 = Growth rate of annual physical asset user cost between the 1* and 2" major repairs

2AUC3 = Growth rate of annual physical asset user cost between the 2™ and 3™ major repairs

gaucs = Growth rate of annual physical asset user cost between the 3™ and 4™ major repairs

gAUCs = Growth rate of annual physical asset user cost between the 4™ and 5" major repairs

ZAUCS = Growth rate of annual physical asset user cost between the 5™ and 6™ major repairs

i = Discount rate

t = Time of year a major physical asset treatment is implemented

T = Number of years of service life for a highway physical asset.

53



TABLE 3.14. Computation of Pavement-Related Life-Cycle User Costs

Pavement Type Computation
User Cost 0 h=15 12-3032/33 140 Year
Profile
|€——— Flexible Pavement Service Life-Cycle ——3p|
Flexible =( Cauvct (1-(1+g ave)) s (14 1) D))~ auct)
Strategy [ PWicuc H(( Cavez (1-(1+g auct) (tT:'tn) (I+i)y (t%'tl)))/ (i-g auc)/(1+0)
+H(( Caves -1+ aven) T (141 Y T0)) /(=g aue)V(1+)
PWicucs = PWircud/(1-(1/(1+)"))
EUAUC _|= PWycue ((i(1+)(1+)"-1))

EUAUC, =PWicuce-d

User Cost 0 t=12/1 t,=21/22/24  t;=33/34/35 T=40 Year
Profile b G
|&——— Flexible Pavement Service Life-Cycle ———3
= t . \-t s
Flexible Strategy =(C avci(1-(1+g auc1) ,(tqj_ i) ‘))/((tl-t% AUCL) t
11 PWicuc +H((C avca(1-(1+g avc) & (14 1 Y SN avc))/(1+)

H(C aves(1-(1+g aves) & (141 ) SOV aves) (1)
H(C avca (1-(1+g avea) ™ (14§ Y T (g avea))/(1+)

PWicucs = PW,cuc/(1-(1/(1+i)"))

EUAUC  [=PW_cyc (((1+)DHA(1+)"-1))

EUAUC, =PWicuce-d

User Cost
Profile

Life-Cyck
|€&——— Rigid Pavement Service Life-Cycle

= (C avcr (1-(1+g auc) ' (1+ 8 ) )(i-g auct)
Rigid H(C aver (1-(1Fgaven) ) (141 ) SON(-g avc2)(14) |
H(C aucs (1-(1+g aucs) Y (14 Y SO G-g aues)V(1+)

Strategy I PWLCUC +((C AUCA (1_(1+g AUC4) (14_tx) (1+ i )— (14_11)))/(l.'g AUC4))/( 1 +l) t3

+((C avcs (1-(1+g aves) % (1§ Y )/ (i-g aves)V(1+1)
H(C aucs (1-(1+g auce) ™ (1+ 1 ) T))(i-g auce)/(1+)

PWicucs = PWrcuc/(1-(1/(1+)"))

EUAUC =PW, cuc (((1+)D((1+)-1))

EUAUC,, = PWLCUCoo-i

User Cost =G T=40 Year

Profile

Rigid Pavement Service Life-Cycle
e——

= (Caver (1-(14+g auct) ' (148 ) ))/(i-g aucy)
Rigid H(C avez (1-(1+g auc2) Y (14 ) SO (-g avc)/(14) |
Strategy 11 +((C avcs (1-(1+g aves) % (1§ Y ))/G-g avea) /(1)

PWicve ((Caves (1 avee) &) (11 Y SO i-g avca)) (1)
+(C aves (1-(1+g auves) & (14 ) CO)V(-g aves) (1)
H(C aucs (1-(1+g avce) ™ (14§ Y TV (i-g avce)/(1+)

PWicucs = PWrcuc/(1-(1/(1+)"))

EUAUC =PW_rcuc (((1+)D)/((1+i)'-1))

EUAUC, =PWicuce-d
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TABLE 3.15. Computation of Concrete Bridge-Related Life-Cycle User Costs

Bridge Type Computation
User Cost .. .
PrOﬁle 0 Concrete Chantr;:l g)eam 1733 Year
Bridge Service
Concrete ._ ;
Channel Beam  |PWycuc =(C avct (1-((1+g aver) ng iy (%‘tg AUCI) t
+((C avca (1-((1+g auc) ™ (1 i Y TOW(i-g avco)) /(1+1)'
PWicucs = PWycuc/(1-(1/(1+0)))
EUAUC _ |=PWycuc ((i(1+))(1+)"-1))
EUAUCDO = PWLCUCoo-i
User Cost . L .. .
n 4= b= 5= T= 65 Year
PrOﬁle le— Prestressed Concrete Box-Beam Bridge Service Life-Cycle —>
Prestressed =(C avcr(1-(1+g aucn) ' (141 Y DV(-g auct)
Conerete PW H(C avea(1-(1+g ) &) (11 ) CON/(g ave)(1+) |
Box-Beam Heve +(C avcs(1-(1+g aues) 4 (14§ Y C)(i-g aucs))/(1+)
H((C avcs (1-(4g auca) ™ (A1) T))(i-g auca))/(1+0)
PWicucs = PW,cuc/(1-(1/(1+i)"))
BUAUC  |= PWycuc ((i(1+) (1) 1))
EUAUC,, =PW cuce.l
User Cost L3 L3 4oy
Profile 0 - o o v S
|€—————— Concrete T-Beam Bridge Service Life-Cycle————»|
Concrete = (Cavci(1-(1+g auct) t('t §t1)+ iy tl)){ t(lt)g AUC1)) t
T-Beam PW,cuc H((C avc2(1-(1+g auc2) R (1+i )_ (;_tl)))/ (i-g auc2))/(1+0) !
H((C aucs(1-(1+g aucs) 0 )( 1+1) (Jth)))/ (i-g auc3))/(1+i) .
H((Caves (1-(+gauce) 7 (A+7) " D)/(i-g auca))/(1+7) -
PWicucs = PW, cuc/(1-(1/(1+i)"))
EUAUC _ |= PWycyc .((i(1+))((1+)'-1))
EUAUCOO = PWLCUCoo-i
User Cost .. \..
0 t=3 =4 T= 60 Year
PrOﬁle < Concrete Slab Bridge Service Life-Cycle —
Concrete Slab =(C aver (1-(1+g aven) ' t(}JF i) (tl"tg Auct) t
PWicuc H(C avca (1-(1+g auc2) (Tz_ P(1+iy (%_ INI(i-g auc2))/(1+)
H(C aues (1-(1+g auc) ™ (14 1) "))V (i-g auca)/(1+0)
PWicucs = PW, cuc/(1-(1/(1+i)"))
EUAUC _ |= PWycyc .((i(1+))((1+)'-1))
EUAUCOO = PWLCUCoo-i
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TABLE 3.15. Computation of Concrete Bridge-Related Life-Cycle User Costs (Continued)

Bridge Type Computation
-
User Cost 0 A 1220 =38 “T— 50 Year
Profile l—— Prestressed Concrete Segmental Box —
Prestressed Girder Bridge Service Life-Cycle
Concrete = (Cavct (1-(14g aue)) '\ (147 ) D)(i-g auct)
Segmental PWicuc +(C avcz (1-(1+g auca) 1 (141 Y S)(i-g auc))/(140)
Box Girder H(C aucs (1-(1+g aues) ™ (14§ ) T (g aves))/(14)
PWicuce = PW.cuc/(1-(1/(1+i)"))
EUAUC = PWicue (((1+)Y((1+) - 1))
EUAUC,, =PW cuce.l
User Cost
Profile )
€& Concrete Girder Bridge Service Life-Cycle ————}
Concrete = (Cauci(1-(1+g auct) t('t (t1)+ [ )'tl)){l(it-)g AUCI) t
Girder PW, e H((C auc2(1-(1+g Auc2) tz_t' (I+7)y tz_t* N/(i-g auc2))/(1+7) )
H(C avcs(1-(1+g aucs) ¢ 3T DA+ 3;2)))/ (i-g auc3))/(1+0) -
+((C avcs (1-(I+g avca) T (141 ) TN/ (i-g avca) /(140
PWicucs = PWycuc/(1-(1/(1+0)))
EUAUC = PWycuc (((1+)D)/((1+)'-1))
EUAUCDO = PWLCUCoo-i
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TABLE 3.16. Computation of Steel Bridge-Related Life-Cycle User Costs

Bridge Type Computation
User Cost . " - -
0 t= =3 2 T=70 Year
PrOﬁle |€———————Steel Box-Beam Bridge Service Life-Cycle—— 3
Steel = (C avct(1-(1+g auc) ' (14 Y )V~ auct)

Box-Beam PW,cuc H(C avea(1-(1+g ave2) 1) (147 Y )V Gi-g avca)) (1) |
v H((C avcs(1-(1+g auc3) (2: D(A+iY (2;2)))/ (i-g aucs))/(1+9)
+(C avcs (1-(1+g aued) T (14§ ) T)(i-g avca)/(1+0)

PWicucs = PWycuc/(1-(1/(1+i)"))
EUAUC = PWycue (+)DH((1+)1))
EUAUCOO = PWLCUCoo-i

User Cost
Profile

= t= T=70 Year

| Steel Girder Bridge Service Life-Cycle ——3p|

t=

Steel Gird = (C avc1(1-(1+g auc)) s (1+ 8 ) D)V(i-g auct)
teel Girder PW +((C AUCZ( 1 _( 1 +g AUCZ) (tz—tl) (1+ i )— (tz-t‘)))/(i_g AUCZ))/( 1 +l) t1
reve H(C aves(I-I+g aues) 2 (1) D)/(Gg aue)) (1)
+((C avcs (1-(I+g auca) T (141 ) TN/ (i-g avca)/(1+0)

PWicucw = PWycuc/(1-(1/(1+i)"))

EUAUC  [=PW_cuc (G(1+)DHA((1+)"-1))

EUAUC, =PWicuce-d

User Cost
Profile

|&————— Steel Truss Bridge Service Life-Cycle ———3]

= (C avcr(1-(1+g aucn) ' (1+ 1) )V(-g avct)
Steel Truss H(C avea(1-(1+g ave2) ) (141 ) CO)ig auca) (1)

PWecoe  L(Cavan(1-(1+8 aucn) & (14§ Y SO Gi-g avca)) (1)
H(C avca (1-(1+g avea) ™ (14§ Y T (i-g avea))/(1+)

PWicucs = PWrcuc/(1-(1/(1+)"))

EUAUC =PW_cuc (((1+))/((1+i)'-1))

EUAUC, =PWicuce-d
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3.5 Computation of Project Life-Cycle Benefits in Perpetuity

3.5.1 Project Life-Cycle Agency Benefits Caused by Service Life-Cycle Shift

The typical activity profiles for various types of pavements and bridges proposed in the previous sections
represent the physical asset service lives under the ideal situation. That is, the recommended service lives
are achievable providing that the physical asset repair strategies are effectively implemented. Early
termination of a service life may occur if inappropriate treatments are applied and/or the activity timing
fails the optimal treatment time window. As such, the typical service life-cycle can be used as the base
case scenario and the cases with early terminations can be used as alternative scenarios. In order to
maintain the typical service life-cycle, additional project costs are needed. The resulting difference in
physical asset life-cycle agency costs between the base case and an alternative scenario can be regarded as
the overall project life-cycle agency benefits due to service life-cycle shift.

3.5.2  Project Life-Cycle User Benefits Caused by Physical asset Service Life-Cycle Shift without
Demand Shift

As in the calculation of project agency benefits in one service life-cycle, the reduction in life-cycle user

costs is considered as life-cycle user benefits due to service life-cycle shift.

3.5.3  Project Life-Cycle User Benefits Caused by Demand Shift without Physical asset Service
Life-Cycle Shift

Other than the life-cycle user benefits due to physical asset service life-cycle shift, life-cycle user benefits

may be achieved because of traffic demand shift after highway project implementation. The upward shift

of demand curve associated with the project directly affected highway segment may trigger downward

shift or reduction in traffic demand on alternative routes (AASHTO, 2003). The calculation of change in

annual total highway user costs due to demand shift as user benefits is explained in the following:

3.5.3.1 Calculation of Annual User Benefits on a Directly Affected Road Segment with Demand Shift
The annual user benefits as a result of a highway project is captured by the concept of consumer surplus.
Given a demand curve, the consumer surplus is the difference between what highway users in the
aggregate would have been willing to pay, and what they are actually asked to pay. The change in
consumer surplus before and after project implementation is considered as the user benefits associated
with the project. For a generalized case where the demand curve shifts upward as a result of a project
improvement, the user benefits can be calculated as illustrated in Figure 3.19(a). The annual user benefits
associated with the project directly affected highway segment could be related to vehicle operating costs,
travel time, vehicle crashes, and emissions, respectively.

3.5.3.2 Calculation of Annual User Benefits on an Indirectly Affected Road Segment with Demand Shift
If the implementation of a highway project causes traffic to shift to the improved segment, other
indirectly affected segments may see a backward shift in demand. That is, the travel demand on the
indirectly-affected segments is less at every user cost. As illustrated in Figure 3.19(b), the change in
consumer surplus is just analogues to the change of consumer surplus that is measured on the directly
affected segment. The approach can be applied to each indirectly affected highway segment to account for
all changes in consumer surplus. The annual user benefits for the project indirectly affected highway
segment(s) could be relevant to vehicle operating costs, travel time, vehicle crashes, and emissions,
respectively.
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Project Indirect User Benefits:
- Area (A;;+Ay;) if without Demand Shift
- Area (As;-A,;) if with Demand Shift

Project Direct User Benefits:
- Area A, if without Demand Shift
- Area (AytA;) if with Demand Shift

Price/ Trip (p)

Dy, Base Case Demand Dy, Base Case Demand

D,, Upward Shifted
Demand Caused by
the Project

2 Price/ Trip (p)

D,, Downward Shifted
Demand on Segment i
Caused by the Project

i

Vo Vie Vi Trips (V) Vi1 Vo Vi Trips (V)
a) Directly Affected Highway Segment b) Indirectly Affected Highway Segment i

FIGURE 3.19. Hlustration of calculating annual user benefits of project directly and indirectly
affected highway segments caused by demand shift.

3.5.3.3 Overall Life-Cycle User Benefits due to Demand Shift

The annual total life-cycle user benefits of a highway project due to demand shift is the summation of
changes in all consumer surpluses for all user cost components associated with directly and all indirectly
affected highway segments. Once obtaining an estimation of annual total user benefits for the base year
with demand shift, the annual total user benefits involving demand shifts for the future years in a typical
service life-cycle can be extrapolated using a linear or geometric gradient rate of increase or decrease.
Having established all annual total user benefits for the typical service life-cycle, the project overall
life-cycle user benefits due to demand shift can be determined by discounting future-year benefits to the
base year values.

3.5.4 Project Life-Cycle User Benefits with Both Demand Shift and Physical Asset Service Life-Cycle
Shift
The computation consists of two steps. First, the annual total user benefits for the base year with demand
shift can be established using the concept of consumer surplus. Then, the annual total user benefits for
future years in a reduced service life-cycle (because of service life-cycle shift) can be extrapolated in a
similar manner as discussed in the above subsection. Finally, the project overall life-cycle user benefits
with demand shift and service life-cycle shift can be determined by discounting future-year benefits to the
base year values.

3.5.5 Overall Project Life-Cycle Benefits in Perpetuity

As compared to the base case that maintains the typical physical asset service life-cycle for infinite times,
an alternative scenario may have an early service life termination for the first life-cycle and then follow
the typical service life-cycle from the second cycle to perpetuity. It is also possible that the alternative
scenario will have early service life terminations for the first and second life cycles, and then follow the
typical service life-cycle from the third cycle onward to perpetuity, and so forth. The difference in
life-cycle agency and user costs in perpetuity between the base case and an alternative scenario is
considered as the overall project life-cycle benefits in perpetuity. Table 3.17 illustrates the detailed
computation of overall highway project life-cycle benefits in perpetuity for two alternative scenarios.

59



Denote:

PWicace = Present worth of physical asset life-cycle agency costs in perpetuity
PWicucw = Present worth of physical asset life-cycle user costs in perpetuity
EUAAC, = Equivalent uniform annual agency costs in perpetuity

EUAUC, = Equivalent uniform annual user costs in perpetuity

PWup = Present worth of project agency benefits in perpetuity

PWus = Present worth of project user benefits in perpetuity

PWj = Present worth of overall project benefits in perpetuity

EUAAB = Equivalent uniform annual project agency benefits in perpetuity
EUAus = Equivalent uniform annual project user benefits in perpetuity
EAUg = Equivalent uniform annual overall project benefits in perpetuity
i = Discount rate

T = Number of years of service life for a highway physical asset.
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TABLE 3.17. Computation of Project Life-Cycle Overall Benefits in Perpetuity

Case Computation
Agency Cost i i i i
PrOﬁle 0 T T 3T — In Perpetuity
|€=SLC,= T>{€SLC,= T->|€ SLC,=T & SLC,=T
Base Case: g § g 5
No Early  |User Cost A A & =
Termination |Profile To TT ?T ?T — In Perpetuity
|€=SLC,= T>{€SLC,= T-»|€ SLC,=T & SLC,=T
PWLCACoc,O: PWLCAC/( 1 -( 1 /( 1 ‘H)T))
Present Worth PWi o= PWrcoo/(1-(1/(141)"))
Annual Worth EUAAC,, 0— PWLC ACo0.0-Ls EUAUCDO 0— PWLCUCco 0.1
Agency Cost g § é g
y
Profile ¢0 ¢T1 ¢]+T 'l$+2T — In Perpetuity
[€SLC,= T pj€- SLC,=T | €—SLC;= TPl SLC,= T
User Cost § EE g g
Case 1: Profile ¢0 ¢'r, ¢,+T "1¢r2T In Perpetuity
Early [4SLC,= T pj€- SLC,=T >} €~SLC;= T} SLC,= T
Termination _ T T
PWicacw1= PWicaciH(PWecac/(1-(1/(1+1) )))/(1+i) -
i Present Worth ’ . .
in Cycle 1 PW i cucwni= PWrcuerH(PWicue/(1-(1/(1+i) )(1+i)"
Annual Worth EUAACOO 1= PWLC ACw.1 .i, EUAUCOO 1= PWLCUCoo,l 1
Agency Benefits: PWag= PWicace 1-PWicacuo
Base Case EUAAB_: EUAACLCAC(D, 1 -EUAACLCACOO,O
Benefits User Benefits:  PWyg=PWicuce 1-PWicucso
EUAUB: EUAUCLC 'ACo0,1 -EUAUCLCUCOO,()
Overall Benefits: PWg=PW ,g+PWyg, EUAg= EUA sg+EUAy5
Agency Cost _
Profile $0 ﬁ‘\ T,+T, T AT, T In Perpetuity
KSLC =T )€ SLC,=T, € SLC;=T -} SLC,=T
PrS:fr'lle > 'fo 'fT ? T T +¢+’r In Perpetuity
Case 2: kSLclleﬂelchz:Tz >|l(— ZSLC3:T —I)Q SLC,=T
Early
Termination PX\_]L%ACOC,ZZPWLCAC1+PWLCAC2/ (1+) " +PWcac/(1-(1/(1+0) )1+
in Cycles 1 i) T
and 2 Present Worth PWociesaPWrcuerPWcueo (1) +HPWcuo (1(/(1) ))(1+
i)
Annual Worth EUAACOC 2= PWLC 'ACoo, z.i, EUAUCOO = PWLCUCoc 2,i
Agency Benefits: PW 5= PW cacs2-PWicaceo
Base Case User Benefits: E)[\J{?ATP%/JAACL_C}?%?TEUAACLCACOO’O
Benefits : UB LCUCk02 LCUCw%,0

EUAys= EUAUCLCACoo,Z'EUAUCLCUCOO,O

Overall Beneﬁts: PWB: P WAB+P WUB: EUAB: EUAAB+EUAUB
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3.6 Methodology for Deterministic Project Benefit-Cost Analysis in Perpetuity

3.6.1 Distribution of Project Costs in Perpetuity
The total costs associated with a highway project consist of project direct costs and additional work zone

user costs during project construction. Since the typical physical asset service life-cycle is treated as the
base case, the total project costs are distributed according to the typical physical asset service life-cycle

for perpetuity horizon, as illustrate in Table 3.18.

Denote:

PWpc = Present worth of project direct construction, maintenance or rehabilitation costs
PWwzuc = Present worth of excessive work zone user costs caused by the project

PWc o = Present worth of the total of project direct costs and work zone user costs in perpetuity
EUA¢ = Total of annualized project direct costs and work zone user costs in perpetuity

i = Discount rate

T = Number of years of service life for a highway physical asset.

The detailed computation is presented in Table 3.18.

TABLE 3.18. Distribution of Project Costs in Perpetuity Horizon

Case Computation
Project Direct A A A A - In Perpetuity
0 T 2T 3T e
Cost Profile |€SLC = T} SLC,= T-»|<€ SLC=T D} SLC,=T
Base Case: g < g g
No Early  |Project Work = s = s
Termination |Zone User Cost fo *‘T ?T ?T In Perpetuity
Profile |€=SLC = T |€-SLC,= T-P|<€ SLC=T Dl SL.C.;: T
Present Worth  [PWc_.o= (PWectPWywzue)/(1-(1/(1+)"))
Annual Worth EUAC’OO’(): PWC’OO o.i

3.6.2  Project Benefit-Cost Analysis in Perpetuity Horizon
The computational procedure is illustrated in Table 3.19.
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TABLE 3.19. Project Benefit-Cost Analysis in Perpetuity Horizon

Case Present Worth Annual Worth
Agency Costs | User Costs | Agency Costs User Costs
Base Case: No
Early Life-Cycle Cost PWLCACoo,O PWLCUCoo,O EUAACOO,() EUAUCOO’O
Termination
Life—Cycle Cost PWLCACoo 1 PWLCUCoo 1 EUAACOO 1 EUAUCOO 1
EUAAB,OO:
PV\]AB o PWLCACOO I'PWLCACOO 0 EUAACLCACOO I'EUAACLCACDO 0
Case 1: Base Case Benefits PWUB:oo: PWLCUCOOZI'PWLCUCOO:O EUAyp = ’ ,
Early EUAUC cacx1-EUAUC cucso
Termination (Base Case Project Costs [PWc .0 EUAco
in Cycle 1 NPW= (PWrp+PWipn)-  [NPW=(EUAg.+ EUAs..)-
. PWc,, EUAc.
Benefit/Cost Analysis |32 — (bW, +PWus..)/|B/C Ratio = (EUA st
PWC 00,0 EUAUB oo)/ EUAC .0
Life-Cycle Cost PWicace2  |PWicucez  |[EUAAC,., |[EUAUC.,,
EUAAB,OO:
PWAB,OOZ PWLCACOO,Z'PWLCACOO,O EUAACLCACOO,Z'EUAACLCACDO,O
](;:rsley 2: Base Case Benefits PWu o= PW1ctim -PWictcono [EUAUS .=
Termination EUAUC cacer-EUAUC cucag
in Cycles 1 Base Case Project Costs |PWc 0 EUAC 0
and 2 NPW= (PWAB,w+PWUB,oo)' NPW= (EUAAB’OO'F EUAUB,w)'
. PWc,, EUAc.
Benefit/Cost Analysis |5 32— (bW, +PWus..)/|B/C Ratio = (EUA st
PWecop EUAB»)/EUAC..0

3.7 Risk Considerations for Highway Project Benefit-Cost Analysis

The total benefits of a highway project in physical asset service life-cycle are established by assessing the
overall impacts of investing the project on life-cycle agency costs of construction, rehabilitation, and
maintenance; vehicle operating costs; travel time; crashes; and air emissions (Sinha and Fwa, 1988). The
input factors for computing each of these benefit items after project implementation may be changed to a
single new value and this will result in a single benefit outcome for the concerning benefit item. Often,
the input factors may be changed to multiple possible new values after project implementation and a
number of possible benefit outcomes will be obtained correspondingly. When a probability distribution
can be assigned to the set of possible values of an input factor, the probabilistic risk assessment can be
performed to ultimately establish its mathematical expectation (or expected value) after project
implementation. The expected value of the input factor can then be used to compute the expected
outcome of benefits for the benefit item. The following discusses the primary input factors inherited with
risks and concepts of probabilistic risk assessments of the input factors.

3.7.1  Primary Input Factors under Risk

Construction and repair costs may not remain as predicted. The changes in market remains volatile and
the political decisions or the changes may cause unexpected changes on the unit costs of materials and
labor. This causes a two-fold effect: the increase in cost for the same activity versus the predicted one and
the cost incurred by the functional deficiencies because of deferred activity.

Traffic demand may not follow the projected path. The increased use of physical highway assets
especially by heavy vehicles will trigger the change in the useful service lives of pavement and bridge
assets. As a result, the project life-cycle benefits and costs will change accordingly.
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Discount rate may fluctuate over time during the physical asset service life-cycle.

3.7.2  Probabilistic Risk Assessment

3.7.2.1 Bayesian Updating for Probability Distributions

The probability risk analysis may produce a family of probability distributions for the individual input
factors needed for computing project life-cycle benefits at different confidence levels. The average of
these distributions represents a mean probability distribution. As seen in Figure 3.20, the corresponding
risk curves associated with a specific input factor as the complementary of cumulative distributions
(CCD) can be derived. The expected value of the input factor (corresponding to CCD value of 0.5) based
on the mean risk curve or a risk curve at higher confidence level may be used for estimating the project
life-cycle benefits (Paté-Cornell, 2002; Winkler, 2003). Bayesian updating can help improve the
confidence level of a distribution, thus improved confidence level of the risk curve.

f(X) Complementary of cumulative distribution, 1-p(X< F)

A A

Distribution at high confidence level 1.0 }isk curve at high confidence level

ean probability distribution Mean risk curve

05 === -

Distribution at low confidence level 4 Risk curve at low confidence level
Ve

A A
0 Fu FuFL Input Factor, X Fu FuFL Input Factor, X
Note: Xy, X1, Xu- the expected value of an input factor according to a distribution at mean, low or high confidence level.

FIGURE 3.20. Characterization of risks in highway project benefit-cost analysis.

Without loss of generality, Bayesian updating for a continuous input factor variable X for computing
project life-cycle benefits is

f(X<F|¢)= f(X=Pflc| X=H
fle)
where € = Newly available information for assessing X
f(X=F) = Prior distributions for X; f(X=F|e) = Posterior distributions for X
f(e|X=F) = Likelihood function of having X equal to F, and

f(e) = Prior predictive distribution of new information, f(g) =r f(e| X)f(X)dX.

As an example, assuming that travel speed as the input factor for computing project benefits in terms of
travel time reduction follows a normal distribution. The normal parameters for the prior distribution of
speed based on engineering judgment are m;=60 mph and ;=10 mph. If additional information from 100
simulation runs implies a mean and standard deviation of m=45 mph and =5 mph, the normal parameters
for the posterior distribution become Al +lo/e? y o) mph and : — mph.

’ O e e S A TR
As such, the expected speed for computing benefits of travel time reduction is updated from 60 mph to
45.04 mph, while the standard deviation is narrowed down from 10 mph to 0.5 mph. This provides a
firmer distribution for travel speed as an input factor for the computation.

3.7.2.2  Selection of Input Probability Distributions

Strictly speaking, construction and repair costs, traffic demand, and discount rate are discrete variables.
Their minimum and maximum values of possible outcomes are bounded by non-negative values. In
addition, the distributions of the possible outcomes could be either symmetric or skewed. Such
characteristics can be modeled by the beta distribution that is continuous over a finite range and allows
for virtually any degree of skewness and kurtosis. The general beta distribution has four parameters:
lower range (L), upper range (H), and two shape parameters referred to as o and . The beta density
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L<x<H

function is given by b D(a+p) (x-L)* 1. (H-x)B~! (
r(a)-T()-(H-L)* P
serve to normalize the distribution so that the area under the density function from L to H is exactly one.

The mean and variance for the beta distribution are givenas o and | op
_(a+BYQx+B+U-

0B, L H) = ) where the I' -function factors

H_a+B °

It is seen that the distribution mean is a weighted average of L and H such that when 0<a<f3 the mean is
closer to L and the distribution is skewed to the right; whereas for a>p>0 the mean is closer to H and the
distribution is skewed to the left. When oo = 3 the distribution is symmetric. Also note that for a given o/
ratio, the mean is constant and the variance varies inversely with the absolute magnitude of a+f. Thus, by
increasing o and B by proportionate amounts, the variance may decrease while holding the mean
constant; and conversely, by decreasing o and 8 by proportionate amounts, the variance may be increased
while leaving the mean unchanged. In practice, the skewness and variance (kurtosis) can be categorized
as high, medium or low based on the magnitude of a and 8. Table 3.20 presents the combinations of
skewness and variance (kurtosis) for beta distributions that best approximate the risk factor.

TABLE 3.20. Approximate Values of Shape Parameters for Beta Distributions

Combination Type Skewness Variance (Kurtosis) o B
1 Skewed to the left High 1.50 0.50
2 Symmetric High 1.35 1.35
3 Skewed to the right High 0.50 1.50
4 Skewed to the left Medium 3.00 1.00
5 Symmetric Medium 2.75 2.75
6 Skewed to the right Medium 1.00 3.00
7 Skewed to the left Low 4.50 1.50
8 Symmetric Low 4.00 4.00
9 Skewed to the right Low 1.50 4.50

3.7.2.3 Determination of Distribution Controlling Parameters

For state-maintained highway networks, historical data on highway construction and repair costs, traffic
volumes, and discount rates are generally available. Such data can be processed to obtain the values of
input factors for risk-based life-cycle benefit-cost analysis.

3.7.2.4 Performing Simulation
Simulation is essentially a rigorous extension of sensitivity analysis that uses randomly sampled values

from the input probability distributions to calculate separate discrete results. Two types of sampling
techniques are commonly used. The first type is Monte Carlo sampling that uses random numbers to
select values from probability distributions. The second type is Latin Hypercube sampling where the
probability scale of the cumulative distribution curve is divided into an equal number of probability
ranges. The number of ranges used is equal to the number of iterations performed in the simulation.
Because of stratified sampling used in the Latin Hypercube simulation, it is possible to achieve
convergence in fewer iterations as compared to those of the Monte Carlo simulation (FHWA, 1998;
Reigle, 2000).
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3.8 Methodology for Uncertainty-Based Project Benefit-Cost Analysis

3.8.1 Highway Project Benefit-Cost Analysis under Uncertainty

As a practical matter, the probability distribution for the possible values or even the full range of possible
values of a certain input factor for computing individual project benefit items may not be known. Hence,
the expected value of the input factor cannot be determined and the expected outcome of benefits cannot
be estimated correspondingly. This section introduces an approach extended from Shackle’s model to
explicitly address cases where those input factors are under uncertainty with no definable probability
distributions. Finally, a generalized methodology for project benefit-costs analyses under certainty, risk,
and uncertainty is established.

3.8.2  Basic Concepts of Shackle’s Model

Shackle’s model overcomes the limitation of inability to compute the mathematical expectation for each
input factor for computing project benefits according to the following procedure. First, it uses degree of
surprise as a measure of uncertainty associated with the input factor for computing project benefits in
place of probability distribution. Then, it introduces a priority weight by jointly evaluating each known
outcome of an input factor for computing project benefits and its degree of surprise pair. Finally, it
identifies and standardizes the focus gain and focus loss values relative to an expected outcome from
maximum priority weights (Ford and Ghose, 1998; Shackle, 1949; Young, 2001).

3.8.2.1 Degree of Surprise Function

The degree of surprise reflects the decision-maker’s reaction to degree of uncertainty regarding possible
outcomes of an input factor for computing a specific item of project benefits resulted from any investment
option, with gains and losses from the expected outcome being considered separately (Figure 3.21). A
degree of surprise function for an input factor for computing a specific item of project benefits can be
established in the following:

- Assume a range of s possible outcomes of an input factor X for computing a specific item of project
benefits from an investment option (X = Fy, F», ..., Fs ranging from F;, to Fp.x)

- Denote F g, as the expected outcome for the input factor for computing a specific item of project benefits

- Let the deviation of an outcome of the input factor X relative to the expected outcome F g, to be x,
x=X - F(E)

- Assign a value as degree of surprise y, ranging from 0 for no surprise to 10 for highest surprise, to reflect
the decision maker’s degree of belief for a given outcome X as captured by the deviation x

- Establish a degree of surprise function y = f(x).

Degree of Surprise Function: y= y(x)
A

1
I
|
|
|
[
!
!
! N
F >

F(E) FH
Input Factor, X

Note: Frin, Finax- minimum and maximum values of an input factor for computing a specific
item of project benefits; Fr, Fy- lower and upper extreme values of an input factor with no
degree of surprise; F - expected outcome of an input factor; x- deviation of a possible
outcome X from Fg), x = X - F,

FIGURE 3.21. Diagram of a degree of surprise function.
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3.8.2.2 Priority Function and Focus Gain and Loss Values from the Expected Outcome

The priority function indicates the weight assigns to the deviation of any outcome of an input factor for
computing a specific item of project benefits from the expected outcome and degree of surprise pair (X, y)
or in Shackle’s terminology, the power of any pair to attract the attention of the decision-maker (Figure
3.22). A priority function for a number of possible outcomes related to an input factor for computing a
specific item of project benefits can be developed as follows:

- Determine a priority weight index ¢ by jointly considering the deviation of each outcome of the input factor
and degree of surprise pair (X, y), using an index of 0 for lowest priority weight and indices of 2, 3, 4, 5,...
for higher priorities

- Denote the decision-maker’s priority function by ¢ = ¢(x, y) and the function possesses following
properties: 9¢ Y0 o9 (0. A priority function can be defined in the following function forms ¢ = a-x"-
ox’' oy

B-y% ¢ = a-x — By’ or ¢ = a-x">- B-y, where o and B are coefficients with respect to the deviation of the
input factor from the expected outcome and degree of surprise

- Priority function ¢ is a saddle shaped curve that maintains a maximum priority weight on the gain side from
expected outcome and a maximum priority weight on the loss side from expected outcome. The deviations
of the two outcomes corresponding to the two maximum priority weights are called focus gain (xy5) and
focus loss (x5 ) values.

Degree of Surprise Function: y= y(x)

]0 j:o _________'¢:1
IV R p=2
; A $=13
| =4
i ' 1
i / , Y\,\ Priority
i / ! L i Indifference
| Y i Curve
' K ) |
Fp Fones >
1 . \ Input Factor, X
3 el [
.7 - L v
10 -7 e Proaxo= 3 Phie
Priority Function: ¢= ¢(x, y) Note: Fuyin, Fnax- minimum and maximum values of an input factor for computing a specific item

of project benefits; F;, Fy- lower and upper extreme values of the input factor with no degree of
surprise; Fg)- expected outcome of the input factor; x- deviation of a possible outcome X from
F), x =X - F); Xre, XrL- focus gain and focus loss

FIGURE 3.22. Diagram of a priority function.
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3.8.2.3 Standardized Focus Gain and Loss Values

The focus gain and loss values are involved with uncertainty because of associated non-zero degrees of
surprise. It is therefore necessary to filter out such uncertainty to establish the standardized focus gain and
loss values with zero degree of surprise. The standardization process can be accomplished by using the
priority indifference curves at both the gain side and the loss side from the expected outcome that retain
the maximum priority weights consistent with those of the focus gain and focus loss values, respectively.

Degree of Surprise Function: y= y(x)

A
RN H0307-0
| '
; |
3 v i
i :
2 ; E
o E
! 1
0 i : : - .
Fmin FL F(E) F'L)l C(X G’O Fmax 4
E(_xSG Input Factor, X
€——XG™ XA
[€——XsF1 —)E(—-\'s'l G—>
[€——xp, —>€——xp= Xo—>

Note: Frin, Fmax- minimum and maximum values of an input factor for computing a specific item of
project benefits; Fy, Fy- lower and upper extreme values of th input factor with no degree of surprise;
Fg)- expected outcome of the input factor; x- deviation of a possible outcome X from Fg), x = X - F);
XrG, XskG - focus gain and standardized focus gain; Xp, Xsrr. - focus loss and standardized focus loss

FIGURE 3.23. lllustration of the standardized focus gain and loss values.

Denote
X = Deviation of a possible outcome of an input factor X from the expected outcome F g,
y(x) = Degree of surprise function, set y(x) = c-x*
di(x,y) = Priority indifference curve, set ¢;(x, y) = o;-x* - B1-y> =k (k > 0)
d(X,y)  =Maximum priority indifference curve on the gain side, ¢»(X, ) = 02-x"’ - B2-¥” = Omax()
Xsg = Standardized gain value on indifference curve ¢(x, y) with no surprise
XpG = Focus gain value on maximum priority indifference curve ¢x(x, y)
XgrG = Standardized focus gain value on maximum priority indifference curve ¢»(x, y) with no

surprise
A, B, C are points on ¢((x, y), and O is a point on ¢(X, y).

The purpose is to find the standardized focus gain X, from the underlying focus gain x. on the

SFG
maximum priority indifference curve ¢,(x, y). As ¢»(X, y) only intersects with the degree of surprise
function y(x) at point O, it would be impractical to further progress the standardization process. This is
because it is impossible to simultaneously calibrate two parameters o, and 3, for ¢.(x, y) based solely on
one point on the curve. To overcome this restriction, the indifference curve ¢;(x, y) closest to ¢,(x, y) that
intersects with the degree of surprise function y(x) twice at points 4 and B can be utilized. As shown in
Figure 3.23, when the priority indifference curve ¢;(x, y) approaching ¢»(x, y) (i.e., d1(X, y) = k = Omax@))s
the standardized gain value Xy, for ¢;(x, y) will overlap with the standardized focus gain x;. Hence, the
process reduces to establishing a mathematical expression for the standardized gain value xg.
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For points 4 and B on priority indifference curve ¢;(x, y), we have

o xa" - [31'}’A2 =k (3-1)
ouxp” - [31‘}’32 =k (3-2)
Substituting y,= c¢-x,” and yg= c-x5” into Equations (3-1) and (3-2), we obtain
kix} -x3
- 3-3
A Sy 3-3)
For point C(x4, 0) on ¢1(X, y), we get ¢i(X, y)= CX]'XSGO'S -B0* = ocl‘xSGO'S (3-4)
Thus, _ [<P. (x| )]2
S (3-5)
. . .(X4 X05 _ %05 x4 )

and o M@ 12 Pmax(@ 2B B “*A) }

Xsre = [ o ] k(xg _ X4A) (3-6)

Following this procedure, the standardized focus gain and loss values for an input factor for computing a

specific project benefit item, X, and X, , corresponding to the maximum priority indices, Qmaxc) and

dmax), on the gain side and loss side from the expected outcome can be determined (Li and Sinha, 2004).

3.8.3  Extension of Shackle’s Model for Project Benefit-Costs Analysis under Uncertainty

3.8.3.1 Dollar Value Benefits of Individual Project Benefit Items under Uncertainty

Shackle’s model first assigns degrees of surprise to possible outcomes of an input factor for computing a
specific item of project benefits that deviate from the expected outcome. It then designates a priority
weight for the deviation of each outcome from the expected outcome and its degree of surprise pair. The
deviations of two outcomes separately maintaining the highest priority weights on the gain side and loss
side from the expected outcome are identified and denoted as focus gain and focus loss values. Finally,
the focus gain and loss values are standardized to remove associated uncertainty.

The process of identifying focus gain and loss values and further standardizing those values facilitates
complete filtration of uncertainty associated with an input factor for computing a specific item of project
benefits. In the original Shackle’s model, the ratio of standardized focus gain over focus loss is utilized to
assess the project merits. The theory behind this is that a project is more preferred if it preserves a higher
focus gain-over-loss ratio. For highway project evaluation that compares various projects using dollar
value benefits, it is desirable to simultaneously consider the expected outcome with the focus gain and
focus loss values regarding the input factor. With this in mind, an extension of Shackle’s model is
introduced in the following:

Denote
FE = Expected outcome of an input factor for computing a specific item of project benefits
SFG = Standardized focus gain from the expected outcome
X1 = Standardized focus loss from the expected outcome
| . = Outcome of an input factor with standardized focus gain, Fg = Fe + Xsrg
Fepp = Outcome of an input factor with standardized focus loss, F, = Fg) - XspL
F = A single value determined according to a decision rule for an input factor under uncertainty

Given a triple < Fg, , F(g), Fgp> concerning an input factor for computing a specific item of project
benefits, a decision rule can be set in order to determine a single value that will be eventually used for
project benefit computation. Assuming that the decision-maker only tolerates loss of the value from the
expected outcome for an input factor for computing a specific item of project benefits by AX, the decision
is set below:
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Fe) if | Fopy -Fiy | <X

F
F = — SFL__therwise (3-7)
[1-AX/Eg, ]
In some cases, lower values for an input factor under uncertainty are preferred. For instance, all other
things being equal, an increase in the discount rate could result in loss of benefits for a given project. The
decision rule thus becomes

Fi if | Fgpy -Fey| <AX
F
F = { SFL therwi )
[FAX/Egy T e (3-8)
If the deviation of focus loss Fsp, from the expected outcome Fg)does not exceed AX, the expected
outcome will be assigned. This will yield identical decision outcome between uncertainty-based analysis
and risk-based analysis, which maintains methodological consistency. Different tolerance level AX may
be used for different input factors under uncertainty.
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3.9 A Generalized Methodology for Highway Project Evaluation under Certainty, Risk, and
Uncertainty

The total benefits of a highway project consist of multiple benefit items and each of which may be

quantified under certainty, risk or uncertainty. Figure 3.24 shows a generalized framework for computing

the overall benefits of a highway project.

If a specific item of project benefits is quantified under certainty, the deterministic life-cycle costing
approach can be used to compute the single value of benefits for the project benefit item in physical asset
service life-cycle. If a specific item of project benefits is quantified under risk, the life-cycle costing
analysis and Bayesian updating can be performed to compute updated probability distribution of possible
benefit outcomes and then calculate the mathematical expectation of dollar value benefits for the project
benefit item in physical asset service life-cycle. If a specific item of project benefits is quantified under
uncertainty, single dollar value benefits for the project benefit item can be computed using a pre-specified
decision rule as the extension of Shackle’s model. This value can either be equivalent to the expected
outcome or the outcome of benefits corresponding to the standardized focus loss with penalty.

Having computed the dollar value benefits for each project benefit item, the itemized benefits can be
combined to arrive at the total project benefits in physical asset service life-cycle. In order to facilitate
cross comparisons of different types of highway projects associated with different physical asset types,
the total project benefits are typically expressed in equivalent uniform annual amounts to cancel out the
effect of differences in physical asset service lives.

| Overall Benefits of a Highway Project |
I

Multiple Project
Benefit Items |Item 1: Agency cost | |Item 2: Vehicle operating costl | | | Item k: Vehicle air emissions |
L I I 1]
T
Possible Decision Cases for A7 - V L4 -
Each Project Benefit Item | Cirtamty | | R$k | | Unceitalnty |
Life-Cycle Costing LCCA + Bayesian LCCA + Extension of
Proposed Methods Approach (LCCA) Updating Shackle’s Model
Y Y
Expected Value Expected Outcome or
Output Results | A Single Value | (Mathematical Outcome Related to Std.
| Expectation) Focus Loss with Penalty
T T
1
One Computed Result f A\ v 7 %
ne Lompuiec mesut ot |Resu1t for Benefit Item 1| | Result for Benefit Item 2 | |
T 1

Each Project Benefit Item | | Result for Berlleﬁt Item k

Overall Project Benefits | Sum of Results for Individual Project Benefit Items |

FIGURE 3.24. A generalized framework for project evaluation under certainty, risk and
uncertainty.
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CHAPTER 4:
PROPOSED STOCHASTIC MODEL FOR PROJECT SELECTION

In the transportation investment decision-making process, project evaluation focuses on quantifying the
dollar value project benefits and costs in physical asset service life-cycle. The project benefits can be
calculated using the above framework for project evaluation under certainty, risk, and uncertainty. The
project costs are normally estimated using existing cost models.

Subsequently, project selection is conducted on the basis of estimated project life-cycle benefits and costs.
Due to limited budget available, only some of the highway projects proposed for funding are actually
selected for implementation. From the network-level investment decision perspective, project selection
aims to select a subset of mixed types of highway projects from a large number of candidate projects
proposed to yield the maximized overall benefits subject to budget and other constraints. In the project
selection process, different tradeoff methods are normally considered to evaluate the impacts of such
decision policies on the overall benefits to be generated from the investment. The optimization problem
for project selection is known in the literature as the capital budgeting problem (Lorie and Savage, 1955;
Weingartner, 1963). More generally, this problem falls in the category of the multi-choice
multidimensional Knapsack problem (MCMDKP) (Sinha and Zoltners, 1979), where budget is achievable
from different budget sources and the analysis is conducted for a multiyear period.

4.1  Characteristics of Project Selection

4.1.1  Issue of Budget Constraints

Project selection focusing on an entire highway system is influenced by several key issues. One of such
issues is the available budget for the multiyear project selection and programming period. In the current
practice, state transportation agencies generally maintain a number of asset management programs to
handle different system management issues, such as pavement and bridge preservation, safety
improvements, roadside improvements, system expansion, ITS, multimodal facilities, and maintenance. A
certain level of budget is designated to each program per year and the budget for a particular program is
not to be transferred across different programs for use. Candidate projects are proposed to compete for
funding within eligible programs. Hence, project selection is constrained by the annual budget for each
program across a multiyear period.

4.1.2  Issue of Project Interdependency Relationships

As a practical matter, multiple projects that use funds from different programs may be bundled into
contract packages for implementation. For example, a new highway construction contract may contain
pavement, bridge, and ITS projects that use funds from pavement and bridge preservation as well as ITS
programs over a number of years. In the decision-making process, selection of any one of such contract
necessitates the selection of all constituent projects and vice versa. This reveals that in the project
selection process the project interdependency relationships must be taken into consideration (Figure 4.1).
Adding project interdependency constraints for integrated decision-making are necessary to ensure
globally optimal decisions. This is fundamentally different from the existing models in the individualized
pavement, bridge, maintenance, safety, and congestion management systems that only select projects
related to same type of physical highway assets or a single aspect of system operations.
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Multiyear Programming Period

Budget Category =1 | t=2.l--t=3__] =4 | 5
Bridge preservation program k=D Pii Clomizs 1 Pli~  Paal s
Pavement preservation program (k=2) R __|Pixs .- -=+=%- 5 Contractn -
Safety improvements program (k=3) o T o Pis ok )
Roadside improvements program (k=4) 7 Poa ‘7i Contract i Sy, Pus |
System expansion program k=51 Contract 2  Piss  |Pisa Pisst =
Intelligent transportation systems program (k=6) N N /
Multimodal facilities program (k=7) . P37~ ~Pis

FIGURE 4.1. lllustration of project interdependency relationships in the project selection process.

4.1.3  Issue of Budget Uncertainty

Apart from issues concerning constraints of available budget by program category and project
interdependency relationships, the program-specific budget in each year is inherent with uncertainty.
Investment decisions are usually made based on an estimated budget years ahead of the project
programming period. As time passes by updated budget information would become available, project
selection decisions must be updated accordingly to maintain realistic results.

4.2 Proposed Stochastic Optimization Formulations for Project Selection

This section presents a stochastic optimization formulation and its improved versions for finding the
optimal subset of highway projects from a large number of candidate projects where there is budget
uncertainty. Consider a state transportation agency that carries out highway project selection covering an
entire highway system over a future analysis period of tg years. The agency makes first round of
investment decisions many years ahead of the programming period using an estimated budget for all years.
With time elapsing, updated budget information on the first few years of the multiyear programming
period becomes available that motivates the agency to refine the investment decisions. In each refined
decision-making process, the annual budget for each program for the first few years that can be accurately
determined is treated as a deterministic value, while the budget for the remaining years without accurate
information is still processed as stochastic budget.

Assuming that the multiyear budget is refined € times and each time an increasing number of years with
accurate budget information from the first analysis year onward is obtained. Hence, (2-decision stages are
involved. Without loss of generality, we assume a discrete probability distribution of budget possibilities
for each year where no accurate budget estimate is available. As illustrated in Figure 4.2, for the first
stage decisions the multi-program, multiyear budget matrix is comprised of the expected budget for all
years that can be best estimated at the time of decision-making. For the second stage decisions, accurate
information on budget for years O to t; is known and is treated as deterministic, and there are

(p )85 8y )88,y S Q) possible budget combinations for the remaining years from t;+1 to to. For

the generic stage L decisions, the budget up to year t; ;) is deterministic and there are (p,=s, s, ....s)
possible combinations for years t;.;+1 to to. The final stage has a deterministic budget up to year tq.;)

and po=sq budget possibilities from year t.;+1 to tq.
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Year 1tot; t,+1tot, o ftaotl oty to.t1ltot, t+1 to tuy ... toptl totg
Budget 1 possibility s, possibilities  |... [s;.; possibilities s, possibilities  |s;+; possibilities  |... [sq possibilities
Stage 1: Deterministic (initially estimated budget)

Stage 2: Deterministic _ [Stochastic

Stage L-1:  [Deterministic [Stochastic

Stage L: Deterministic Stochastic

Stage L+1: [Deterministic [Stochastic

Stage Q:  [Deterministic [Stochastic

FIGURE 4.2. Budget attributes in an Q-stage recourse decision process.

4.2.1 Basic Model Formulation

As explained in the above, budget actually available for a multiyear programming period in the future
could deviate from the budget that can be best estimated at the time when the investment decisions are
made. Stochastic formulation can reduce the gap in that it replaces one-stage static decisions based on the
expected budget for all years by multi-stage recourse decisions using probabilistic budget estimates. This
provides opportunities for the decision-maker to refine the investment decisions when the budget level
becomes manifested over time. In the model formulation, discrete probability distributions for the budget
possibilities in different years are considered. The stochastic model with Q-stage budget recourses is
formulated as a deterministic equivalent program that combines first stage decisions using the initial
budget estimate with expected values of recourse functions for the remaining (Q -1) stages (Birge and
Louveaux, 2002).

Denote:

X; = Decision variable of contracti, i =1, 2,..., N

a; = Benefits of contracti, i=1,2, ..., N

Cike = Cost of contract i using budget from program category k in year ¢

& = Randomness associated with budget in stage L and decision space

Xi(p) = Decision vector using budget B, (p) in stage L, X, (p)= (X1, Xa,..., Xy)"

A = Vector of benefits of N contracts, A =(a,, ay,..., aN)T

Cr = Vector of costs of NV contracts using budget from program category £ in year ¢,

Cia = (Crt> Cot- - » Cth)T
Q(Xy(p), &) = Recourse function in stage L
E¢ (Q(Xy(p), &)) = Mathematical expectation of the recourse function in stage L

Bi (p) = The p™ possibility of budget for program category k in year ¢ in stage L
p(Bi-(»)) = Probability of having budget scenario B,"(p) occur in stage L

L _ : P
EBy) = Expected budget in stage L, where gty _ 3 [p(B]k-[ (p))-B- (p)]

p=1

p =1,2,...,p,, wherep =s, .5, ....5,
L =1,2,..,Q
i -1, 2 o N
k =1,2,...
t =1,2,... M

A stochastic model with Q-stage budget recourses, under budget constraints by program category and by
year as well as integrality constraints restricting the decision variables, as a MCMDXKP formulation is
shown below:
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Maximize A".X;+ ;Egm [Qw (X(,, (P), &, )] (3-9)

Stage 1

Subjectto  Cy'.X; < E(B'y) (3-10)
X is a decision vector with 0/1 integer elements.

Stage 2

Ee,(Qu(Xa(p), £)= max { A7 x,( p) 18 (p)=x(s2,)} (3-11)

Subjectto  Ci".Xo(p) < Bu(p) (3-12)
X;+Xop) < 1 (3-13)
X, and X,(p) are decision vectors with 0/1 integer elements.

Stage L

Ee (QuX1(p), &)= max { AT (p) 1By (P):E(B{{t)} (3-14)

Subjectto  Cy".X.(p) < Bu'() (3-15)
X+ Xop)+.. .+ X(p) <1 (3-16)
X1, Xo(p),..., Xi(p) are decision vectors with 0/1 integer elements.

Stage Q

Ee(Qq(X (), E )= max { aTxq( ) 182 ()=r(62)} (3-17)

Subjectto  Cy".Xa(p) < Bi(p) (3-18)
X+ Xp)t . A X))+ X (p) <1 (3-19)

X1, Xop), ..., Xe(@),- - - Xg(p) are decision vectors with 0/1 integer elements.

In the objective function as Equation (3-9), the first term is for the overall project benefits in the first
stage decisions using the initial budget estimate and the second term is for the expected value of overall
project benefits for the remaining (€ -1)-stage recourse decisions. Equations (3-10), (3-12), (3-15), and
(3-18) are employed to hold budget constraints by program category and by year for the investment
decisions at each stage. Equations (3-11), (3-14), and (3-17) compute the expected values of optimal
project benefits that use one possible budget closest to the budget updated following the preceding
decision stage. Equations (3-13), (3-16), and (3-19) ensure that one highway project that is contained in a
specific construction contract is selected at most once in the process of multi-stage recourse decisions.

4.2.2  Improved Model Using Two Budget Constraint Options

Although the budget designated for each program is not transferable across different programs, the
year-by-year constrained budget for each program may be handled as a cumulative budget for all years
combined. With this alternative treatment of budget constraints, system optimization can thus be
conducted using two budget constraint options: the year-by-year constrained budget and cumulative
budget. For either option, budget constraints by program category are retained. For the option of

cumulative budget constraints, the notations B, (p), p(Bx"(»)), and E(B,") are replaced by ZB; (p),

p( 2B (p)), and E(ZB'), where E(ZB')= Sp( 2B (p)).2B.(p)] (L =1,2,..., Q), accordingly.
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4.2.3  Further Enhanced Model Considering Three Tradeoff Methods

The proposed stochastic model that uses two budget constraint options can be further enhanced by
incorporating three tradeoff scenarios in project selection. The first tradeoff scenario is to allow
comparison of project selection results using contract-based constraints as the basic model.

The second tradeoff method is utilizing corridor-based constraints. For the corridor-based tradeoff
scenario, the 0/1 integer decision variable x; for contract i (i = 1, 2,..., N) in the basic model is replaced by
0/1 integer decision variable y. for corridor ¢ (¢ = 1, 2,..., C). For instance, if both contract i and contract
(i+5) belong to one corridor (C-2), the respective decision variables X; and X ) are replaced by one
decision variable y .. This reduces number of elements in the decision vector in stage L decisions from

X(p)= (X1, X2..., Xp)' 10 Y.(0)= (Y1, Y2r..., YO (L=1,2,..., Q).

The third tradeoff scenario is to assess the impacts of deferring the implementation of some large-scale
projects. Essentially, the improved model using two budget constraint options for project selection remain
unchanged. Only the inputs of project benefits, costs, and the years in which budgets are needed
corresponding to the underlying projects are adjusted.

4.3  Solution Algorithm for the Proposed Models

As mentioned in the review of solution algorithms, the Knapsack problem is NP-hard and the
computation time for exact algorithms increases exponentially with the size of a problem instance. With
this in mind, we turn to search for an efficient heuristic algorithm. Specifically, this new algorithm stems
from the heuristic algorithm developed by Volgenant and Zoon (1990) using the Lagrangian relaxation
technique. It establishes the upper bound to the optimal solution by simultaneously computing multiple
Lagrangian multipliers, where the number of Lagrangian multipliers computed each time equals to the
number of years considered in the programming period (i.e, the number of simultaneously computed
multipliers is the total dimensions of the MCMDKP problem). This significantly improves the
computational efficiency as compared with the algorithm developed by Volgenant and Zoon that uses two
Lagrangian multipliers.

4.3.1 Determination of Budget for Stage L Computation

In an Q-stage recourse decision-making process as Figure 4.2, budget for each program category in stage
L has the following characteristics: 1) period from years 1 to t.,), it will be kept the same as that in stage
L-1; ii) period from t»+1 to t;.), it will inherit the budget used for computation in stage L-1 selected

from s(;.1) possibilities; and iii) period from t;.;*1 to last year t ,, ithas p =s s ....s, possible

combinations. The choice of a specific budget combination is determined by the rule of least squared
deviations between a budget possibility By “(p) and the expected budget E(By") in stage L decisions. The
squared deviations AB*(p) can be separately computed according to the two budget constraint options,

K M

namely, AB"(p)= ZZ[(BL} (p)—E(Bl';t ))2] for the year-by-year constrained budget option, and

k=1 t=1

ABL(p)ZiKiBi (b)- iE(Bﬁ )jo} for the cumulative budget option.

4.3.2  Feasibility of Preceding Stage Solution

The first stage decisions in the proposed stochastic model are reached on the basis of the initial budget
estimate. For the case of having a lower budget in the second stage, the feasibility of first stage solution
may have already been violated. This failure is corrected in the algorithm by checking at the beginning of
each stage for budget violations caused by projects selected in the preceding stage. If there exists budget
violations, projects under the selected contracts are removed in an optimal manner until no violation of
the current stage budget is found.
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4.3.3  General Concept of the Lagrangian Relaxation Technique
The stage L optimization can be reformulated in the following:

Objective maximize z(Y,) =A".Y; (3-20)
Subject to Cr .Y <B" (3-21)
Y is stage L decision vector with 0/1 integer elements.

Given non-negative, real Lagrangian multipliers A, the Lagrangian Relaxation of (3-20), z;z(\y), can be
written as

k=1 t=1

Objective  z;x(h,) = maximize {AT-YL+§:§:[XH (BL—C" -YL)]}

k=1 =1 k=1 =1

= maximize {(AT —ﬁp\h (ft)jYI +i§p\kt BL)} (3-22)

Subject to Y with 0/1 integer elements.

K M
Because ZZ(M( . BL}) in (3-22) is a constant, optimization can just be concentrated on the first term,
k=1 t=1

namely, maximizing [AT - i i (th o )}YL . (3-23)

K
. T L
The solution to (3-23) is Y, where Y = L if (A B Z (kkt Ci )j >0 (3-24)

0, otherwise

Then, Y * maximizes z(Y) =AT.YL, subject to Y, with 0/1 integer elements.

In order to obtain optimal solution by maximizing z(Y,) =A".Y/, only subject to Y, with 0/1 integer
K M
elements, the following condition needs to be satisfied ZZ[XM -(Blft -C! -YL) =0 (3-25)

k=1 t=1

In this regard, stage L optimization operations need to focus on determining Lagrangian multipliers A,
such that 1) Y, obtained in (3-24) is feasible to the original optimization model, i.e., Cu' .Y <B,’ is valid,
and ii) condition (3-25) is satisfied to maintain optimality to the original optimization model as Equations
(3-20) and (3-21).
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4.3.4  Main Steps of the Solution Algorithm for the Basic Model

Denote

X', = Optimal decision vector in stage L

s(X’¢.1)) = Set of contracts selected in stage L-1

s(X’;) = Set of contracts selected in stage L

S(X’L) = Set of contracts selected in stage L-1 so that each of these contracts has at least one project

from year 1 to t(L-1), where budget in stage L remains the same as that in stage L-1 for
period from year 1 to t(L-1). This means that contract i € s(X’(L-1)) and cikt > 0 for any k
and at least one t (t =1, 2 ... t(L-1)). As such, S(X’L)<s(X’(L-1))

S(Xp) = Set of contracts not selected in stage L-1 or selected contracts that do not have a project
component between year 1 and year f;.;) (complement of S(X’;))

Step 0:

- Outer loop (perform steps 1-12), repeat for stage L =1 to L = Q

Input Bi'() (=1, 2, ..., po), pP(Bi'(p)), and X (1.
Compute E(By"), AB“(p) (p=1,2, ..., p1)

- Inner loop (perform Steps 1-11), use budget B,“(p) such that AB“(p) = min { B;*(1), B"(2), ..., B (p.)}
for contract selection in stage L

Check feasibility of contracts selected in previous stage (S(X’;)) using budget B ;,“"(p), against budget at
the current stage (B, (»)).

Initialization for Stage 1

Set X'y = {0, 0, ..., 0} (No contract selected in stage 0). Hence, s(X’o) = S(X’1) = .

Part I: Find an Initial Feasible Solution without Budget Carryover
Step 1: For contract i € S(X’y), sort the contracts by benefits (A;) in descending order.

Step 2: Normalize the cost of contract i € S(X’,), ¢i, by dividing the budget B,/ “(p) for stage L decisions,
and compute sum of normalized costs of all contract i € S(X’;). If no budget violation is found for
all (k, t), go to Step 6. Otherwise, go to Step 3.

Step 3: Select the least sum of normalized costs of all contract i € S(X’,) for all (%, ).

Step 4: Compute the benefit-to-cost ratio for all contract i € S(X’;) and identify contract i in S(X’;) that
has the minimum benefit-to-cost ratio.

Step 5: Remove contracts i with minimum benefit-to-cost ratio and update Lagrangian multiplier. If no
budget violation is found for all (k, t), go to Step 6. Otherwise, go to Step 3.

Step 6: Update the list of contracts in S(X’;) and in S(X”’;), as well as the remaining budget B;/(p).
Step 7:  Repeat Steps 1-6 for contracts in S(X”’;) using above remaining budget B “(p).

Step 8: Update list of contracts in S(X’;) and in S(X”;).

Step 9: Improve the initial feasible solution if possible.

Part II: Improve the Initial Feasible Solution by One-Period Budget Carryover

Step 10: Let Sy, = Subset of s(X’;), using budget from category k in year ¢, such that each contract in Sy,
has at least one project component from year 1 to year u

B(Si.) =Budget used for Sy,

Perform Steps 1-9 using budget carryover starting from year u (for u =r, r+1,..., M, where r =1,
2,..., M-1):
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For year u, place a contract in s(X’;) to Sy, only if the contract has at least one project component
from year 1 to year u (i.e., at least one cy,> 0 for =1, 2, ..., u). In the meantime, remove other
contracts from s(X’y)

Foryeart(t=1, 2, ..., M), decrease budget B, by B(S;.,)

One-period budget carryover for remaining budget in year u to year u+1: Increase budget By,:1) by
(Bi - B(Sk.)) and this leaves By, = 0 after budget carryover.

Step 11: Increase r to r+1.
If =M, Set X', = X,(p) and then go to Step 12. Otherwise, repeat Step 10.
Part III: Repeat for Next Stage L+1
Step 12: Set Stage L to next Stage L+1
If L = Q, stop. X, is final. Otherwise, go to Step 0 and repeat Steps 1-11 for next stage L+1.

4.3.5 Computational Complexity of the Proposed Algorithm

Number of iterations involved with Q-stage recourses is no more than number of M years in the
programming period. Budget categories K and analysis years M are much smaller than number of
contracts N. Practically, 3 budget possibilities for each year may be considered to represent low, medium,
and high budget levels. This gives possible budget combinations for stages 1, 2, 3,..., and Q to be p,=1,
p=3"" ps=3"2, ., P@-1 )=32, and po=3 with stage 2 having the highest possible combinations.
Computational complexity of the algorithm for Steps 1-9 in Part I is O(MN?). The extended steps in Part
II for budget carryover require M iterations and Q-stage recourses in Part I1I entail at most M iterations.
This leads to an overall complexity of O(M°N°). Since M is far smaller than N, the algorithm thus
maintains a complexity of O(N°).
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CHAPTER 5:
CASE STUDY

The purpose of this case study is to validate the methodology developed for highway project benefit-cost
analyses under certainty, risk, and uncertainty and the stochastic model for project selection using
different tradeoff methods under budget uncertainty. Benefits associated with each project were computed
using the life-cycle activity profiles established for two types of pavements and nine types of bridges,
respectively. For non-pavement and non-bridge projects, the benefits were indirectly estimated using the
pavement and bridge related activity profiles. Subsequently, the computed benefits and costs directly
provided for individual projects were utilized for project selection by applying the stochastic model
introduced in this research. The outcomes of project selection based on different budget constraint, budget
stage, and tradeoff method combinations were then compared with actual project programming decisions
for methodology and model validation.

5.1 Data Collection and Processing

The data on projects proposed for Indiana state highway programming were used for the case study. The
data were extracted from a data clearinghouse with details of system inventory, historical costs, asset
conditions, and operations concerning the Indiana state highways dating back to 1980.

5.1.1 Case Study Period

According to the Indiana state highway programming practices, the desirable time horizons for short-term
and long-term programming are 3-5 years and 7-10 years, respectively. For the methodology and model
validation purpose, it is desirable to choose a relatively long programming period for analysis. One
constraint encountered was the available information on budget in each year. The annual budgets were
only available from 1996 onward. As such, eleven-year data from 1996-2006 were used for this case
study. Table 5.1 summarizes project and contract information by program category during 1996-2006.

TABLE 5.1. Summary of Total Number of Project and Contracts

Program Category 1996|1997 1998|1999| 2000 | 2001 | 2002|2003 | 2004 | 2005|2006 | Total

Bridge Preservation 185 159 136| 178 228 171| 140 161| 163] 106/ 88 1,715
Pavement Preservation 170, 132| 162| 123| 201] 138 157 202 72 25 41| 1,423
Safety Improvements 2401 297 232 269 384| 243| 195 228 398 179 157| 2,822

Roadside Improvements 47 371 35 50 63] 50| 53] 86 100 54/ 38 613
Major / New Construction| 17| 16| 37 38 106 21| 28 34 104 38 38 477

Other State Facilities 0 0 0 0 0 0 0 0 1 0 0 1
ITS 0 0 o 12 2 4 6 1 9 4 1 39
Miscellaneous 27| 28 35 24 40 36/ 35| 30 15 6 14/ 290
Total No. of Projects 686 669 637 694| 1,024 663| 614 742 862| 412| 377 7,380

Total No. of Contracts 464 412) 429 411] 610] 418 422 469 649 408 376] 5,068

5.1.2 Data Processing

The eleven-year data for period 1996-2006 contain 7,380 projects grouped into 5,068 contracts. The data
were further classified according to the applicable types of life-cycle activity profiles to facilitate the
life-cycle cost applications for project benefit computation. To reference the computed project benefits
and costs from single point in time, all amounts were converted into 1990 constant dollar values.

5.1.2.1 Agency Costs
The physical asset life-cycle agency costs consist of construction, rehabilitation, and maintenance costs.

For the life-cycle agency cost computation, unit costs derived from historic data were utilized. For
pavement-related work, the unit costs were expressed in 1990 constant dollars per lane-mile. While for
bridge-related work, the unit costs for substructure, superstructure, deck and surface components were
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expressed in 1990 constant dollars per square foot, respectively. The original database had missing fields
on project length. It was indirectly estimated by using the project costs and the unit costs applicable for
the particular type of work.

5.1.2.2 Highway User Costs

Highway user cost items considered in the case study include vehicle operating costs, travel time, crashes,
and air emissions. The vehicle operating costs and air emissions are mainly influenced by vehicle speed
and roadway surface conditions. Whereas travel time and crashes, they are mainly affected by vehicle
speed. The annual amounts of individual user cost items were computed on vehicle miles of travel
multiplied by the unit costs for individual user cost items for per mile of travel. The unit user costs were
first obtained from the historical data and were updated using regression models calibrated to relate unit
user costs with speed and roadway surface condition.

5.2 Computation of Project Benefits in Physical asset Service Life-Cycle

The difference in life-cycle agency and user costs between the actual activity profile and the standard base
case life-cycle activity profile was estimated and regarded as benefits triggered by a project. Such
difference was first computed for the first service life-cycle and expanded to perpetuity. For the actual
life-cycle activity profile in perpetuity, only the first service life-cycle was considered for early
termination and the standard base case life-cycle profile was assumed to resume back from the second
cycle onward. The rationale behind this is that transportation investments are made to match the standard
base case activity profile proposed from design to ensure lowest life-cycle costs. Project benefits in
perpetuity are expressed in present worth amounts. A user-friendly interactive tool in Microsoft Excel
was built to automate the project benefit computation.

5.2.1 Project Benefit Items

5.2.1.1 Agency Costs

The standard base case profiles are the ideal case of the investments occurred across the service life-cycle
of pavements or bridges, allowing the particular infrastructure to sustain the desired useful service life.
The profiles for the actual case analyses differ from the base case, in which the timing of the activity was
determined from the comparison of project cost directly provided with historical average costs of such
type of project. Changes in the timing of the major activity would trigger change in the life-cycle profile
and the difference of agency costs between the two profiles was considered as agency benefits generated
by the project.

The project cost data possess high variations. Such variations may be attributable to several factors, such
as project location, price change of construction materials, amount of associated work for the specific site,
land acquisition, etc. Taking these factors into account some penalty on the life-cycle reduction was given
as long as the project costs go beyond the historical average cost value added up to three standard
deviations. In each case, the penalty was confined within half of the time interval between any two major
investments. An annual increasing gradient of 3 percent was assumed for routine maintenance costs.

5.2.1.2 Highway User Costs

The user cost profiles for computing annual vehicle operation, travel time, crash, and air emission costs
remained identical in terms of timing in base case and actual life-cycle activity profiles used for agency
cost estimations. For each of the user cost components, the annual costs for the first year between two
major activities were calculated and an annual increasing gradient of 2 percent was assumed for the
subsequent years. The 2 percent increase was maintained until the next major investment and the annual
user costs for the first year were resumed back to the initial value after each major investment. The
difference in the life-cycle user costs based on the base case and actual life-cycle user cost profiles thus
was considered as the user benefits.
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5.2.2  Risk and Uncertainty Factors Affecting Project Benefits

Variations of factors like unit costs of construction, rehabilitation, and maintenance work; traffic growth;
and discount rate would alter physical asset life-cycle agency and user costs, and thus yield change in
project benefits. As a result, this would influence highway investment decision-making. In this case study,
risk-based analyses were performed for agency costs, vehicle operating costs, and vehicle air emissions,
while uncertainty-based analyses were conducted for travel time and vehicle crashes because these user
cost items were more difficult to obtain objective probabilities and measurable quantities for the
concerning input factors inherited with uncertainty.

5.2.3  Computation of Project Benefit Items under Risk

Unit costs of construction, rehabilitation, and maintenance work, traffic growth rate, and discount rate are
factors considered for risk-based analysis. For each factor, the minimum and maximum values of their
possible outcomes are bounded by non-negative values. In addition, the distribution of the possible
outcomes could be either symmetric or skewed. These characteristics can be readily modeled by the Beta
distribution. The general Beta distribution has four parameters: lower bound, upper bound, and two
parameters that control the distribution shape.

Risk analysis was performed by using the @RISK software, Version 4.5 with simulation tools embedded
in Microsoft Excel. The @RISK software for risk analysis encompasses four steps: developing a model,
identifying uncertainty, analyzing the model with simulation, and making a decision. The software uses
Monte Carlo and Latin Hypercube sampling techniques to perform risk analysis. This case study used the
Latin Hypercube sampling technique for 10 simulation runs, each with 1,000 iterations. For individual
unit costs of construction, rehabilitation, and maintenance work; traffic growth rate; and discount rate, the
average of the expected values computed in multiple simulation runs was adopted as the input for project
benefit estimations under risk.

5.2.4  Computation of Project Benefit Items under Uncertainty

For each input factor for computing a specific item of project benefits that involves uncertainty, it is
assumed that a number of possible outcomes are known and objective probabilities and measurable
outcomes are unknown. Hence, a mathematical expectation for the input factor cannot be established. We
may only estimate an expected outcome for the input factor based on the best available knowledge
pertaining to the factor. To simplify the uncertainty-based analysis, the average of outputs from multiple
simulation runs can be used as the expected outcome F ), and, if more is better, the average of outcomes
lower than the expected outcome may be used as focus loss Fsg.. The two values are then compared with
the tolerance level AX to determine the single-valued outcome for the factor under uncertainty.
Appendices 1 and 2 present computation details for one pavement project and one bridge project.

5.2.5  Results of the Computed Project Benefits

The overall project benefits are comprised of overall agency benefits and user benefits aggregated from
changes in vehicle operating and emission costs obtained through risk-based analysis and changes in
travel time and vehicle crashes estimated through uncertainty-based analysis. The average benefit-to-cost
ratio for pavement-related projects is 5.5 and for bridge-related project is 3.8, respectively. Among the
pavement-related projects considered for life-cycle cost analyses, 87 percent of the projects have
benefit-to-cost ratio greater than one while rest of the 13 percent have the ratio smaller than one. Among
the bridge projects, 70 percent have benefit-to-cost ratio more than one while rest of the 30 percent has
the ratio less than one.

5.2.6  Discussions of the Computed Project Benefits

Total projects benefits were calculated under risk and uncertainty by applying the life-cycle activity
profiles. The projects for which life-cycle activity profiles were not directly applicable, benefits were
computed proportional to the average benefit-to-cost ratios corresponding to pavement- and
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bridge-related project categories. The present worth amounts of computed benefits in perpetuity and costs
directly provided for each project were utilized as the input in the project selection process.

5.3  Application of Stochastic Optimization Model for Project Selection

A highway asset management system software tool developed by the PI in the past was augmented to
incorporate the solution algorithm for the stochastic model for project selection introduced in this research.
The software consists of three functional components: data input, system optimization, and output and
report generation. The data input component reads data from programming project database according to
project description number that is uniquely assigned to each candidate project. Information on each
project read in the software includes: project let fiscal year, project costs, project length, average daily
traffic, number of lanes, project priority, DOT district number, contract number, work category, work
type, highway functional classification, transportation system, bridge type, county code, and present
worth of project benefits at perpetuity computed by a user friendly interactive tool developed in the
Microsoft Excel. The system optimization component contains the solution algorithm for solving the
stochastic model. Reports of optimization results could be automatically generated both in tabular and
graphic forms in the Microsoft Excel.

The case study utilized the computed project benefits under risk and uncertainty and project costs of
5,068 contracts proposed for the period 1996-2006 as inputs. Due to budget limitations, only a subset of
the proposed contracts could be selected in individual years. The objective of the optimization model is to
yield maximized benefits of all selected contracts under budget constraints.

5.3.1 Tradeoff Methods for Project Selection
In this case study, the stochastic model that considers stochasticity of available budget and other
constraints adopted three tradeoff methods:

- Conducting project selection on contract-by-contract basis;
- Conducting project selection on corridor basis; and
- Conducting project selection by deferring the implementation of some large-scale projects.

Contract-based tradeoff analysis was a straightforward approach, where projects were grouped into
contracts. If a contract was selected, all underlying projects must be selected. Otherwise, all projects
under the same contract were eliminated. For the corridor-based tradeoff analysis, the projects
implemented along Interstates 1-64, 1-65, 1-69, 1-70, 1-74, 1-80, 1-90, and 1-94 were grouped together as
one contract by Interstate number and project implementation year. For the deferment-based tradeoff
method, two-year deferment in the project implementation was considered for projects that cost over ten
million dollars.

5.3.2  Budget Recourses in the Project Selection Period

The annual budgets were updated three times from the initially estimated budget during 1996-2006. This
gave 4-stage budget recourses in the application of the stochastic model. Initially estimated budget and
final budget are listed in Tables 5.2 and 5.3. Pavement and bridge preservation, new construction, and
miscellaneous (mainly maintenance) programs were allocated major proportion of annual budget across
the analysis years.
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TABLE 5.2. Indiana Annual Highway Programming Budgets (Current dollars, in Millions)

a. Initially Estimated Budget in Stage 1

Program 1996]1997/199811999/2000{2001 |2002{2003 |2004 2005|2006
Bridge Preservation 74 109 80| 95| 63] 81| 90| 65 69 63 86
Pavement Preservation 235] 260 278| 281| 365| 431| 358| 292| 218| 284| 386
Safety Improvements 291 41 43] 41] 60] 37 48 47 36| 45 62
Roadside Improvements 6 9 10 9 6 g 10] 10 8 10| 14
Major / New Construction 166 96| 197| 273| 166] 176| 155| 254 366| 247| 213
Other State Facilities 2 2 3 2 1 2 3 3 2 3 4
ITS 4 6 6 6 2 1] 26/ 18 8 18 24
Miscellaneous 53| 55| 56| 62| 53] 66| 67 70 74 T4 95
Total 569| 579 672| 769 717| 803| 757| 760 781| 744| 883
b. Updated Budget in Stage 4
Program 1996|1997/1998|1999 (2000|2001 {2002 |2003 | 2004 | 2005 | 2006
Bridge Preservation 74 109] 80| 82| 63] 88 85 56| 75 63 86
Pavement Preservation 235 260 278| 286| 268| 466| 336 254| 239| 284 386
Safety Improvements 29| 41| 44| 32] 56| 40| 45| 41| 40 45 62
Roadside Improvements 6 9] 10 70 12 9] 10 9 9 10, 14
Major / New Construction 166] 96| 190 265 266| 190| 145| 221| 402| 247| 213
Other State Facilities 2 2 3 2 3 2 3 2 2 3 4
ITS 4 6 5/ 16/ 12 2| 24] 16 9 18] 24
Miscellaneous 53| 55| 45| 42| 62| 63| 61| 72| 74 74, 95
Total 569 579 654 732| 743| 860 708| 671| 851| 744| 883
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TABLE 5.3. Budget Variations from the Original Estimates at Different Stages
a. Change in Budget at Stage 2 from the Originally Estimated Budget in Stage 1

Program 199611997/199811999/2000{2001 2002|2003 | 2004|2005 2006

Bridge Preservation 0%| 0%| 0%]|-14%| 0%| 8% 0%| 9% 0% 0% 0%
Pavement Preservation 0%| 0%| 0%| 2%|-27%| 8%| 0% 10%| 0% 0% 0%
Safety Improvements 0%| 0%| 1%|-21%| -5%| 8% 0%|-33%| 0% 0% 0%
Roadside Improvements 0%| 0%| 1%[-21%| 94%| 8%| 0%]|-33%| 0% 0% 0%
Major / New Construction 0%| 0%]| -3%| -3%| 60%| 8%| 0% 27%| 0% 0% 0%
Other State Facilities 0%| 0%| 1%]|-21%|146%| 8%| 0%]|-33%| 0% 0% 0%
ITS 0%]| 0%|-27%|175%499%| 8%| 0%]|-50%| 0%| 0% 0%
Miscellaneous 0%]| 0%|-19%]|-32%| 17%| -4%| 0%| 0% 0% 0% 0%
Total 0%| 0%| -3%| -5%| 4%| 7% 0%]| 10%| 0% 0% 0%

b. Change in Budget at Stage 3 from Budget at Stage 2

Program 1996(1997/1998[1999(2000{2001 [2002{2003 |2004 2005 | 2006
Bridge Preservation 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Pavement Preservation 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Safety Improvements 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Roadside Improvements 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Major / New Construction 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Other State Facilities 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
ITS 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%
Miscellaneous 0% 0% 0% 0% 0% 0% -9% 0% 0% 0% 0%
Total 0% 0% 0% 0% 0% 0% -6% 0% 0% 0% 0%

c. Change in Budget at Stage 4 from Budget at Stage 3

Program 1996]1997/199811999/2000{2001 2002|2003 |2004 2005|2006
Bridge Preservation 0%| 0%| 0% 0%| 0% 0% 0% -20%| 10%| 0% 0%
Pavement Preservation 0%| 0%| 0% 0% 0%| 0% 0%]|-21%| 10%| 0% 0%
Safety Improvements 0%| 0%| 0% 0% 0% 0% 0% 30%| 10%| 0% 0%
Roadside Improvements 0%| 0%| 0% 0% 0%| 0% 0%]| 30%| 10%| 0% 0%
Major / New Construction 0%| 0%| 0% 0%| 0% 0% 0%|-31%| 10%| 0% 0%
Other State Facilities 0%| 0%| 0% 0%| 0% 0% 0% 30%| 10%| 0% 0%
ITS 0%| 0%| 0% 0% 0%| 0% 0%| 74%| 10%| 0%| 0%
Miscellaneous 0%| 0%| 0% 0% 0%| 0% 0%| 2% 0% 0% 0%
Total 0%| 0% 0% 0% 0%| 0% 0%][-20%| 9% 0% 0%

There was no change in the budget considered for years 1996-1997, 2002, and 2004-2006 (still estimated).
In budget stage 2, the budgets varied from -32 percent to +499 percent, with changes in 1999, 2000, and
2003 to be most significant. In addition, the largest fluctuations were associated with ITS and
miscellaneous programs. In budget stage 3, there were no changes in the total budget of all program
categories except for a 6 percent reduction in year 2002. In stage 4, budget varied from -20 percent to +74
percent in 2003 and increased by 9-10 percent in 2004.
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5.3.3  Budget Constraint Scenarios

Budget for each program is not transferable across different programs. For instance, budget for pavement
program is not supposed to be used for bridge program. However, multi-year budget for each program can
be constrained year-by-year or treated as a cumulative budget for all years combined. Accordingly,
system optimization can be conducted separately under the two scenarios. For yearly constrained budget
scenario, a small amount may be left from a preceding year that is not sufficient to select any additional
contract and this surplus budget amount can then be carried over to the following year to fully utilize
available funds. For cumulative budget scenario, it is just a single-period analysis with no carryover.

5.3.4  Project Selection Results

5.3.4.1 Number of Contracts Selected

In the case study, project selection was conducted under two budget constraint scenarios, four budget
stages, and three tradeoff methods. Table 5.4 presents the number of candidate contracts proposed and
actually authorized by Indiana DOT, and selected by the software in each year according to various
budget constraint, budget stage, and tradeoff method combinations.

TABLE 5.4. Contract Selection Results under Yearly Constrained and Cumulative Budget
Scenarios at All Stages

a. Contract Selection Using Contract-Based Tradeoff Method
Candidate| INDOT | Yearly Constrained Budget Cumulative Budget

Year| ontracts | Authorized|STG 1|STG 2|STG 3|STG 4|STG 1]STG 2|STG 3|STG 4
1996| 464 443 422 407 421] 421] 439] 439 439 437
1997 412 358 385 375 383 383 393] 397 397] 395
1998] 429 275 414 404] 415 415 411] 412] 412] 412
1999 411 323 406] 393| 392] 392 382 383 381 383
2000|610 578 516 526] 526] 526 535| 536 537 533
2001| 418 412 415| 415 414] 415 403] 405 403] 404
2002 422 421 404 402] 401 404] 392 393 392] 393
2003|469 461 432 432] 433] 432 429] 431] 429 430
2004] 649 648 284 284] 283 283 592] 591 590] 592
2005| 408 406 64 64 65 65 393 393] 393 394
2006 376 375 55 54 54] 55 367 367 367 366
Total| 5,068 4700 | 3.797] 3.756| 3.787 3.791| 4.738| 4.747| 4.740] 4.739

b. Contract Selection Using Corridor-Based Tradeoff Method
Candidate| INDOT |Yearly Constrained Budget Cumulative Budget

Year| - ontracts | Authorized [STG 1]STG 2|STG 3|STG 4/STG 1]STG 2|STG 3[STG 4
1996| 464 443 447] 447 447] 447 418 422 4200 423
1997|412 358 302 391] 391] 391 401] 402] 402 402
1998] 429 275 421 421] 421] 421 400 401 401 401
1999] 411 323 401 399 399 398 371 386 386 371
2000 610 578 499 521] 521] 521] 495 500] 500 503
2001| 418 412 412 412] 412] 412] 399 400 400 400
2002 422 421 400 403] 403] 401 390 390 391 391
2003|469 461 439 443| 442] 441] 452 453 453] 455
2004 649 648 305 307 307 307 558 559 559 559
2005 408 406 971 100 100 98] 393 393 393 393
2006 376 375 so| 61| 62 60 349 363 362 363
Total| 5,068 4700 | 3.871] 3.904] 3.904] 3.896| 4.625| 4.668| 4,666 4.660
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TABLE 5.4. Contract Selection Results under Yearly Constrained and Cumulative Budget
Scenarios at All Stages (Continued)

c. Contract Selection Using Deferment-Based Tradeoff Method

Vear Candidate| INDOT | Yearly Constrained Budget Cumulative Budget
Contracts | Authorized|STG 1|STG 2|STG 3|STG 4|STG 1|STG 2|STG 3|STG 4
1996| 464 443 422| 422| 422| 422] 438 439 439 437
1997 412 358 385/ 383] 383] 383 396 397 398 398
1998 429 275 413 414] 414] 414] 412] 412] 412] 412
1999 411 323 404 391] 391] 391 383] 384 382 381
2000 610 578 561] 5700 570 570 534 537] 538 535
2001 418 412 414 413] 413] 414) 404] 404] 402 402
2002 422 421 398 395 3950 399 392 393 392 393
2003 469 461 426] 426] 426] 426 429 431] 430, 431
2004 649 648 2791 280 277] 278 592] 591 591 593
2005 408 406 63 63 61 62| 393 393 393 3%
2006 376 375 49 48 49 48| 366] 366/ 366/ 366
Total| 5,068 4,700 3,814] 3,805] 3,801| 3,807 4,739 4,747 4,743| 4,742

For each budget stage and tradeoff method combination, higher numbers of contracts were selected under
the cumulative budget scenario for the entire analysis period. This is obvious, as all other things remain
unchanged; the cumulative budget scenario has fewer constraints in the optimization process, which
might yield a better solution. However, as no constraints were imposed for each year under the
cumulative budget scenario, the numbers of projects selected in each year tended to be less balanced as
opposed to those of the yearly-constrained budget scenario.

The contracts selected by both the yearly constrained budget and cumulative budget scenarios at each
budget stage were moreover matching with Indiana DOT authorized contracts except for the years from
2004 to 2006. The difference is due to the unavailability of more accurate budget information. The same
trend was observed for the rest of the tradeoff methods. On an average 81 percent of the contracts are
matched with Indiana DOT authorized contracts under yearly constrained budget scenario and there is
approximately same number of contracts selected under cumulative budget scenario as of authorized by
Indiana DOT. Fewer restrictions in the cumulative budget scenario attribute the difference in the contracts
selected. Very similar trend was observed across other tradeoff methods.

5.3.4.2 System-Wide Benefits of Selected Contracts

The system-wide benefits of the selected contracts in terms of the present worth of benefits in perpetuity
are illustrated in Figure 5.1. The benefits under cumulative budget scenario were always found to be more
than the yearly constrained budget scenario in each tradeoff method, due to fewer restrictions in the
optimization process. Benefits were more for stage four budget (representing the stochastic budget) than
stage one budget (representing deterministic budget). This could mainly be attributable to the true
representations of the temporal variations in the monetary values of the stage four budget. The
deferment-based tradeoff method yielded slightly higher benefits than those using contract-base and
corridor-based tradeoff methods.
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FIGURE 5.1. Comparison of total benefits of selected contracts under yearly constrained and
cumulative budget scenarios with and without budget recourses (1996-2006).

5.3.43 Comparison of Results

One of the key reasons of the case study is to compare the software outputs with the actual State Highway
programming practice. As mentioned, two budget scenarios namely yearly constrained and cumulative
budget scenarios, each with four budget recourses and three tradeoff methods were considered. The
performance measure used was the consistency of the total number of contracts selected by both the
software and actually authorized by Indiana DOT. As seen in Table 5.5, relative high consistency was
maintained between the software outputs and the actual programming practices in Indiana. During the
years 1996 to 2003, contracts selected by the contract-based tradeoff method under all scenarios are 88
percent matched averagely with Indiana DOT authorized projects. The percentage matching for the rest of
the analysis period varies from 36 percent to 12 percent from 2004 to 2006, respectively. The lower
percentages were due to inconsistency in the budget information. In total, similar trend was observed
among the three-tradeoff methods, with approximately 70 percent of average matching with Indiana DOT
authorized contracts. Comparatively, deferment-based tradeoff method results were better matched than
others did across all budget years.
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TABLE 5.5. Contracts both Authorized by the Indiana DOT and Selected under Yearly

Constrained and Cumulative Budget Scenarios at All Stages

a. Contract Selection Using Contract-Based Tradeoff Method

Year %i?:ggg:se A{Egnge d No. of Contracts % Match
1996 464 443 383 86%
1997 412 358 334 93%
1998 429 275 260 95%
1999 411 323 284 88%
2000 610 578 466 81%
2001 418 412 395 96%
2002 422 421 373 89%
2003 469 461 391 85%
2004 649 648 231 36%
2005 408 406 53 13%
2006 376 375 45 12%
Total| 5,068 4,700 3,215 68%
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Céirﬁijz:: Agjh]?)g; d No. of Contracts % Match
1996 464 443 392 88%
1997 412 358 351 98%
1998 429 275 267 97%
1999 411 323 283 88%
2000 610 578 454 79%
2001 418 412 392 95%
2002 422 421 375 89%
2003 469 461 422 92%
2004 649 648 263 41%
2005 408 406 96 24%
2006 376 375 43 11%
Total| 5,068 4,700 3,338 71%
c. Contract Selection Using Deferment-Based Tradeoff Method
Year %i?ﬁgg:: A{E}zgge d No. of Contracts % Match
1996 464 443 399 90%
1997 412 358 342 96%
1998 429 275 265 96%
1999 411 323 286 89%
2000 610 578 479 83%
2001 418 412 393 95%
2002 422 421 373 89%
2003 469 461 391 85%
2004 649 648 231 36%
2005 408 406 53 13%
2006 376 375 45 12%
Total| 5,068 4,700 3,257 69%
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As seen in Table 5.6, on an average 65 percent of the projects selected by using three tradeoff methods
under all budget scenarios at all budget recourse stages were matched with Indian DOT authorized
contracts.

TABLE 5.6. Contracts both Authorized by Indiana DOT and Selected Using Contract-, Corridor-,
and Deferment-Based Tradeoff Methods under Yearly Constrained and Cumulative
Budget Scenarios at All Stages

Year (éirrlg;g::: AE;L]?)S;; d No. of Contracts % Match
1996 464 443 352 79%
1997 412 358 334 93%
1998 429 275 258 94%
1999 411 323 272 84%
2000 610 578 428 74%
2001 418 412 381 92%
2002 422 421 360 86%
2003 469 461 390 85%
2004 649 648 208 32%
2005 408 406 51 13%
2006 376 375 40 11%
Total| 5,068 4,700 3,074 65%

More details of the case study are shown in Appendices 3-9.
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CHAPTER 6:
CONCLUSIONS

6.1 Summary and Findings

In the present study, a generalized framework with emphases on project benefit-cost analysis and project
selection was developed to facilitate optimal highway investment decision-making. In aspect of project
benefit-cost analysis, a methodology for quantifying highway project benefits in physical asset useful
service lives was developed using the life-cycle costing approach. Issues of risk and uncertainty
commonly inherited with costs of construction, rehabilitation, and maintenance work; traffic demand; and
discount rate in highway project evaluation were explicitly addressed in the methodology. A stochastic
optimization model was developed for project selection. Practical issues of project interdependence
relationships, budget constraint scenarios, and budget uncertainty involved with project selection were
considered in the model. A case study was conducted to validate the developed methodology and model
in this research.

Project life-cycle cost analysis estimates costs incurred over the physical asset useful service life as such
it provides a basis for comparing alternative investment options. Typical physical asset life-cycle activity
profiles were established for major highway facilities such as pavements and bridges, represented by the
timing, frequency, and magnitude of construction, maintenance, and rehabilitation treatments occurred
over the physical asset useful service life. For non-pavement and non-bridge projects, the benefits were
indirectly estimated using the pavement and bridge related activity profiles. The agency costs of
construction, maintenance, and rehabilitation; and individual user cost items concerning vehicle operation,
travel time, vehicle crashes, and vehicle air emissions were separately computed according to the typical
physical asset life-cycle activity profiles. Geometric gradients were used for annual maintenance costs
and individual user cost items on an annual basis between two major investments. The differences of
life-cycle agency and user costs between the actual and the typical physical asset life-cycle activity
profiles were regarded as agency and user benefits, correspondingly. The overall project benefits in one
physical asset service life-cycle were the aggregation of agency and user benefits and they were expanded
to perpetuity time horizon to estimate the overall project benefits in perpetuity.

Construction, rehabilitation, and maintenance costs; traffic demand; and discount rates are often inherited
with variability and these factors were considered as primary input factors for risk- and uncertainty-based
project benefit analyses in this research. When firm probability distributions are definable for the possible
outcomes of those input factors, the expected project benefits could be determined using their
mathematical expectations. The probability distributions of the respective factors were defined as the Beta
distribution which has the both end bounded by non-negative values. In addition, the above factors might
not be exactly characterized by reliable probabilistic distributions. Consequently, a meaningful
mathematical expectation for each factor could not be established and this prohibited risk-based analysis,
thereby necessitating the uncertainty-based analysis. An extension of Shackle’s model was developed to
establish a single-valued outcome for a specific factor under uncertainty and the value was then used as
input for uncertainty-based project benefit estimation.

The degree of uncertainty associated with an input factor for estimating the benefits of a highway project
might be classified as certainty, risk or uncertainty. The respective values of input factors computed under
certainty, risk or uncertainty were adopted to estimate overall benefits of highway projects in one physical
asset service life-cycle and in perpetuity horizon. The developed methodology offers flexibility for the
decision-maker to consider any combination of input factors for the cases of certainty, risk or uncertainty
and allows to compute the benefits of sub-items (if further separable) under certainty, risk or uncertainty
in accordance with the available information. For instance, the vehicle operating cost item consists of
expenses of fuel, tires, engine oil, and maintenance and depreciation. The values of these sub-items could
be separately estimated according to the relevant input factors under certainty, risk or uncertainty and then
be combined to arrive at the total value of vehicle operation costs.
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The project selection process aims to choose a subset of the candidate projects under budget and other
constraints such that the overall benefits of selected projects are maximized. A system optimization model
was formulated on the basis of the multi-choice multidimensional Knapsack problem, and a heuristic
algorithm based on Lagrangian relaxation techniques was prepared for the model. As a practical matter,
project interdependent relationships was preserved. The inability to predict the budget before-hand was
addressed involving budget recourses. In addition, yearly constrained and cumulative budget constraints
were taken into account. The contract-, corridor-, and deferment-based tradeoff methods were introduced
to the model to facilitate project tradeoff analyses at the network-level. The stochastic model developed
could be applied to any combination of multiple program categories and analysis years. The
decision-maker might update the budget profile any number of times. The objectivity, flexibility,
robustness, and holistic nature of the developed stochastic model would ensure achieving truly global
optimal investment decisions.

In order to validate the research findings, a case study was conducted for project benefit estimation and
project selection using eleven-year data on past candidate projects for state highway programming in
Indiana. The case study results revealed that corridor-based and deferment-based tradeoff analysis
methods did not necessarily generate additional benefits from the selected contracts as compared to the
overall benefits of contracts selected using the contract-based tradeoff method. It was also found that
budget uncertainty did affect the project selection results significantly. For each combination of budget
profiles (with/without uncertainty) and tradeoff methods (contract/corridor/deferment-based), higher
numbers of contracts were selected and slightly higher overall benefits of selected contracts were
achieved under the cumulative budget scenario due to fewer constraints in the optimization process.
Except for several years without accurate budget information, high matching percentages were
consistently obtained between contracts selected using the proposed stochastic model according to
different budget constraint, budget uncertainty, and tradeoff analysis combinations and contracts actually
authorized for implementation. The case study results thus bolster idea that state transportation agencies
could use the research findings to improve the efficiency of highway investment decision making.

6.2 Implementation Issues
The products of this research are as follows:

- A methodology for project life-cycle benefit-cost analyses under certainty, risk and uncertainty

- A stochastic optimization model, along with an efficient algorithm, to facilitate project selection using
different tradeoff analysis methods under budget uncertainty.

The proper implementation of the methodology by agencies can provide a reliable and objective basis
upon which highway investment decisions can be made. Implementation of the study findings will result
in obtaining maximum return on investments, and overall savings on agency and user costs in the long
run, without sacrificing physical asset performance. It is therefore expected that the implementation of the
results will result in changes in network-level highway programming.

Tools to facilitate implementation of the results of this research include training to personnel and
organization via workshops to demonstrate the project evaluation and selection methodology and model.
Possible impediments to successful implementation of the product of the study include inconsistency of
inter-agency terminology, peculiar nature of budgeting procedures, and the fact that some management
systems have not been fully implemented. However, with close cooperation between concerned parties,
improved public relations, and learning from the experiences of agencies that have experimented with
implementing different asset management policies, the impact of such barriers to implementation of the
study findings can be reduced.
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6.3 Directions for Future Research

The findings of this research is an improved way of holistic highway system management that responds to
an environment of increasing system traffic demand, aging physical highway assets, and limited resources.
One of the major contributions of the present research is that it has explicitly addressed uncertainty and
integration issues on overall decision-making framework. Furthermore, tradeoff analysis methods were
introduced to enable project tradeoffs being made not only within a specific asset category, but also
across various physical highway assets, thereby making the decision-making process rational, objective,
and holistic. The further research could be directed towards refinement to the methodology for project
benefit-cost analyses in aspect of synthesizing individual benefit items that account for their positive or
negative correlations. In addition, the stochastic model could be augmented to include the uncertainty
nature of additional constraints.
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APPENDIX 1: An Example of Highway Pavement Project Evaluation under Certainty, Risk, and

Uncertainty
L Deterministic Project Benefit Analysis Using the Life-Cycle Cost Analysis Approach
1. Base Case Deterministic Life-Cycle Agency Cost Analysis

(Using the Typical Pavement Life-Cycle Activity Profile)

1.1 Basic Data

Let Fiscal Year: 2000
Construction Estimate: $15,000,000
Project Length: 10 miles

Average Daily Traffic Year: 2000
Average Daily Traffic Count: 7,380

Number of Lanes: 2

Work Type Description: Pavement Rehabilitation (3R/4R standards)
1.2 Pavement Lane-Mile Calculation

Length =10 miles

Lane =2

Total Lane-Miles =20

1.3 Base Case Agency Cost Items

Agency Cost Item Unit Cost (1990%/lane-mile) Project-Related Agency Cost
Construction 1,353,536.53 =1,353,536.53*20 = 27,070,730.60
Rehabilitation 155,287.00 = 155,287.00*20 = 3,105,740.00
Resurfacing 52,938.00 = 52,938.00*20 = 1,058,760.00
Preventive Maintenance 4,120.00 =4,120.00*20 = 82,400.00
Annual Maintenance 138.00 =138.00*20 =2,760.00

1.4 Additional Input Factors
Discount Rate i: 4%
Annual Maintenance Cost Gradient g, g5, g3: 3%
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1.5 Base Case Life-Cycle Agency Cost Calculation

Pavement
Type

Computation

Flexible
Pavement

Agency
Cost Profile

=15 t, =30 T=40 Year
HMA over
1€ i
Composite

[ €—— Flexible Pavement Service Life-Cyclg =

PWicac

:CCON +CpM 1 /( 1 +i)t| +CREH/( 1 +i)tz

HCuani(1-(14g)) " (1+1) ))(i-g1)

H(Cumana(1-(1+g) 1 (141 Y O)G-g))/(14D)
H(Cwana(1-(1+gs) T (141 ) TY)/(G-ga))/(1+)

=27, 070,730.60+82,400.00/(1+4%)"*+3,105,740.056/(1+4%)>°
+(2,760.00 (1-(143%) '° (1+ 4% ) "))/(4%-3%)

+((2,760.00(1-(1+3%) "1 I(1+4%) CO19))/(4%-3%))/(1+4%) "
+((2,760.00 (1-(143%) “3% (14 4%) “39))/(4%-3%))/(1+4%) ™
=28,139,792.32

PVVYLCACoo

=PWicac/(1-(1/(1+)"))
=28,139,792.32/(1-(1/(1+4%)*°)) = 35,543,012.42

EUAAC

= PWicac (((1+))/(1+)'-1))
= 28139792.32((4%(1+4%)*)/(1+4%)*-1)) = 1,421,720.49

EUAAC,

=PWicacw.i =35,543,012.42%4% = 1,421,720.49
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2. Base Case Deterministic Life-Cycle User Cost Analysis
(Using the Typical Pavement Life-Cycle Activity Profile)

2.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968
Project Length: 10 miles
Highway Classification: Rural Principal Arterial
Average Speed: 59.37mph (for Rural Principal Arterial)
Base Year AADT: 7,380/[(1+2%)**] = 3916 (An annual growth rate of 2%)
2.2 Project-Related Base Year User Costs
Vehicle Opt. Cost ($/VMT) =0.3523 - 0.0022*Speed =0.3523 - 0.0022*59.37 =0.2217
Travel Time ($/VMT) =0.40327-0.004245*Speed =10.4033-0.004245%*59.37 =0.1534
Crash Cost ($/VMT) =-0.1483+0.004877*Speed =-0.1483+0.004877%*59.37 =0.1413
Emission Cost ($/VMT) =0.2059+0.00006256*Speed = 0.2059+0.00006256*59.37  =0.2096
Note: In 1990 constant dollars, based in an earlier Indiana study, Li and Sinha (2003)
User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =0.2217*3916*10miles*365 = $3,168,846.78
Annual Travel Time Cost =0.1534*3916*10miles*365 = $2,192,607.56
Annual Vehicle Crash Cost =0.1413*3916*10miles*365 = $2,019,657.42
Annual Vehicle Air Emission Cost  |=0.2096*3916*10miles*365 = $2,995,896.64
Total $10,377,008.40
2.3 Additional Input Parameters
Annual User Cost Gradient 1, 1, 13: 2%
24 Base Case Life-Cycle User Cost Calculation
Pa¥§r;1:nt Computation
User Cost O rorinis | Venr
Profile K e
|€———— Flexible Pavement Service Life-Cycle ——3p)
=( Caver (1-(1417) ' (14 1) D))/(i-r)
H( Cavea (1-(141) ) (1 1) SO (GE-n))(1+)
H( Caucs (1-(1+13) T (11 )y T/ (G-ns))/(1+)
Flexible  |pw cyc  [=(10,377,008.40 (1-(142%) *° (1+ 4% Y *))/(4%-2%)
Pavement +(( 10,377,008.40 (1-(1+2%) ™ (14 4% ) C¥"9N)/(4%-2%))/(1+4%)"
+(( 10,377,008.40 (1-(1+2%) “39 (1+4%) “30))/(49%-2%))/(1+4%)*°
=232,139,250.65
PW =PWrcuc/(1-(1/(1 +i)T))
LCUC» = 232 139,250.65/(1-(1/(1+4%) ")) = 293,212,123.80
suAUC |~ PWicue -((i(1+i)T)/((1+i)T-1)20 “
=232,139,250.65 ((4%(1+4%))/((1+4%)™"-1)) =11,728,484.95
EUAUC,, |=PWcucs.i =317,396,882.50%4% = 11,728,484.95
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3. Alternative Case Deterministic Life-Cycle Agency Cost Analysis with Early Termination
3.1 Determination the Reduction in Pavement Useful Service Life
No. Type Case o Reduction
If PC <PM a. (Unit PM Cost -Unit (Unit PM Cost-Unit Project y=0*(t;-0)
Project Cost)/Unit PM Cost |Cost)/Unit PM Cost
<=0.5
b. 0.33((Unit PM Cost-Unit [0.33((Unit PM Cost-Unit Project
Project Cost)/Unit PM Cost) |Cost)/Unit PM Cost)
<=0.5
¢. ((Unit PM Cost+ 6p,)-Unitl((Unit PM Cost+ 6,m)-(Unit Project
Project Cost))/(Unit PM Cost))/(Unit PM Cost+ Gym)
Cost+ 6pm) <=0.5
d. ((Unit PM ((Unit PM Cost+26,m,)-Unit Project
Cost+26,m)-Unit Project Cost))/(Unit PM Cost+ 26,,)
Cost))/(Unit PM Cost+26,m)
<=0.5
e. (Unit PM ((Unit PM Cost+36,y,)-Unit Project
Cost+36,m,)-Unit Project Cost))/(Unit PM Cost+36,m)
Cost))/(Unit PM Cost+3 6,p)
<=0.5
f. Otherwise 0.5
2 If PM < PC < |a.((Unit PM Cost+ Rehab  |((Unit PM Cost+ Rehab Cost)-Unit y=a*(t,- t)
(PM+Rehab) Cost) -Unit Project Project Cost)/(Unit PM Cost+

Cost)/(Unit PM Cost +Rehab
Cost) <=0.5

b.0.33((Unit PM Cost+

Rehab Cost)) -Unit Project
Cost)/(Unit PM Cost+ Rehab
Cost) <=0.5

¢.((Unit PM Cost+ 6y, +
Rehab Cost +6,.,)-Unit
Project Cost)/(Unit PM
Cost+ 6,mT Rehab Cost+
Oreh ) <=0.5

d. ((Unit PM Cost+ 26,m +
Rehab Cost +26,,)-Unit
Project Cost)/(Unit PM
Cost+26,m+ Rehab Cost+
26, ) <=0.5

Rehab Cost)

0.33((Unit PM Cost+ Rehab
Cost)-Unit Project Cost)/(Unit PM
Cost+ Rehab Cost))

((Unit PM Cost+ 6, + Rehab
Cost+o,e)-Unit Project Cost)/(Unit
PM Cost+ 6, + Rehab Cost+
csreh)

((Unit PM Cost+ 20, + Rehab
Cost +26.)-Unit Project
Cost)/(Unit PM Cost+26,,,,+ Rehab
Costt+ 206 )
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e.((Unit PM Cost+ 36,m +  [((Unit PM Cost+ 36, + Rehab
Rehab Cost +30,)-Unit Cost +36,e)-Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+3c,,,,+ Rehab
Cost+3o0,mt Rehab Cost+  [Cost+ 30 )
36.en ) <=0.5
f. Otherwise 0.5
3 IfPC> a.(-(Unit PM Cost+ Rehab  |(-(Unit PM Cost+ Rehab y=a*(t- t;)

(PM+Rehab) Cost) +Unit Project Cost)+Unit Project Cost)/(Unit PM
Cost)/(Unit PM Cost +Rehab Cost+ Rehab Cost)
Cost) <=0.5
b.0.33(<(Unit PM Cost+ 0.33(-(Unit PM Cost+ Rehab
Rehab Cost)) +Unit Project |Cost)+Unit Project Cost)/(Unit PM
Cost)/(Unit PM Cost+ Rehab/Cost+ Rehab Cost))
Cost) <=0.5
C.(-(Unit PM Cost+ 6pm +  [(<(Unit PM Cost+ o, + Rehab
Rehab Cost +6,.,)+Unit Cost+o,,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+ Gy +
Cost+ 6pmT Rehab Cost+ Rehab Cost+ o)
Gren ) <=0.5
d. (+(Unit PM Cost+ 26, + [(<(Unit PM Cost+ 26, + Rehab
Rehab Cost +26,¢,)+Unit Cost +26.,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+26,,,,+ Rehab
Cost+20,mt Rehab Cost+  [Cost+ 20 )
26, ) <=0.5
e.(-(Unit PM Cost+ 36,m +  |(-(Unit PM Cost+ 36, + Rehab
Rehab Cost +36,¢,)+Unit Cost +36.,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+3c,,,,+ Rehab
Cost+30,,+ Rehab Costt+  |Costt+ 30 )
36.en ) <=0.5
f. Otherwise 0.5

32 Project Timing

Unit Project Cost = (15,000,000/ (1+4%) '°/20) = $506,673.00 (1990$/lane-mile)
Unit Rehabilitation Cost = $155,287.00 (1990$/lane-mile)
Unit Preventive Maintenance Cost = $4,120.00 (1990$/lane-mile)

Unit Project Cost > (Unit Preventive Maintenance Cost + Unit Rehabilitation Cost)

Check Type a:

o = ((Unit Project cost) - (Unit PM Cost+ Rehab Cost))/ (Unit PM Cost+ Rehab Cost)
= (506,673-(4120+155287))/ (4120+155287) = 2.18 > 0.5, Not Applicable

Check Type b:

o= 0.33(((Unit Project cost) - (Unit PM Cost+ Rehab Cost))/ (Unit PM Cost+ Rehab Cost))
=0.33((506,673-(4120+155287))/ (4120+155287)) = 0.72> 0.5, Not Applicable
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Check Type c:
a = 0.33(((Unit Project cost) — (Unit PM Cost+ 6+ Rehab Cost+ 6,e,))/ (Unit PM Cost+ 6, +
Rehab Cost+ 6))

= ((506,673-(4120+6544+155287+242260))/ (4120+6544+155287+242260)) = 0.24< 0.5

y = a*(T-t;) = 0.24*(40-30) = 2.4 = 2 Years
Base Year =2000 - 32 = 1968

33 Conversion of Construction Estimate into 1990 Constant Dollars
Dollarzooo = DOllaI'lgg() (1+1) 2000-1990

Dollar;ge = 15,000,000/ (1+4%)"°

Dollar;geo = $10,133,462.53

3.4 Pavement Maintenance Gradient Adjustment
Due to the late implementation of the project compared with the timing in the base case profile, we assumed
that the annual routine maintenance cost would increase in a faster pace for the period after project
implementation as
g5 =g (10%*(1+ 2)*"-1)

=3% + (10 %*(( 1+3%) **")-1))=9.528%

3.5 Project-Related Agency Cost Items in 1990$

Agency Cost Item Unit Cost (1990$/lane-mile) Project-Related Cost (19908)
Project Cost - 10,133,462.53
Construction 1,353,536.53 =1,353,536.53*20 = 27,070,730.60
Rehabilitation 155,287.00 =155,287.00*20 = 3,105,740.00
Resurfacing 52,938.00 = 52,938.00*20 = 1,058,760.00
Preventive Maintenance 4,120.00 =4,120.00*20 = 82,400.00
Annual Maintenance 138.00 = 138.00*20 = 2,760.00

106



3.6

Alternative Case Deterministic Life-Cycle Agency Cost Calculation

Pavement
Type

Computation

Flexible
Pavement

Agency Cost
Profile

t,=32 T=38 Year
HMA over
I i
Composite

l€—Flexible Pavement Service Life-CyclueU—)”mcm

PWLCAC

=Ccon +Cpmr/(141) - +PC/(1H)"

HCuana(1-(1+g1) ' (14 1) D))/ (i-g1)
H(Cuana(1-(1+g2) 1) (1+ iy C))(i-go) (1)
H(Caana(1-(1+ g’5) T (1+ 1 T)/G- g73)(1+)

=27,070,730.60 +82,400.00/(1+4%)'>+10,133,462.53/(1+4%)™>
+(2,760.00 (1-(1+3%) ' (1+ 4%) "*))/(4%-3%)
+((2,760.00(1-(1+3%)* 9 (1+4%) 219 /(4%-3%))/(1+4%) 12
+((2,760.00 (1-(1+9.528%) O%32) (1+ 4%) %32y
(4%-9.528%))/(1+4%) **

=30,070,745.45

EUAAC

=PWcac.((A(1+)((1+)'-1))
=30,070,745.45((4%(1+4%)*)/((1+4%)*°-1)) = 1,552,610.30
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4. Alternative Case Deterministic Life-Cycle User Cost Analysis with Early Termination
4.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic Year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968

Project Length: 10 miles

Highway Classification: Rural Principal Arterial

Average Speed: 59.37mph (for Rural Principal Arterial)

Base Year AADT: 7,380/[(1+2%)**] = 3916 (An annual growth rate of 2%)

4.2 Project-Related Base Year User Costs

Vehicle Opt. Cost ($/VMT) =0.2217

Travel Time ($/VMT) =0.1534

Crash Cost ($/VMT) =0.1413

Emission Cost ($/VMT) =0.2096

User Cost Item Annual Cost (19908/year)
Annual Vehicle Operating Cost =0.2217*3916*10miles*365 = $3,168,846.78
Annual Travel Time Cost =0.1534*3916*10miles*365 = $2,192,607.56
Annual Vehicle Crash Cost =0.1413*3916*10miles*365 = $2,019,657.42
Annual Vehicle Air Emission Cost [=0.2096*3916*10miles*365 = $2,995,896.64
Total $10,377,008.40

43 Additional Input Parameters

Annual User Cost Gradient ry, 1: 2%

Due to the late implementation of the project compared with the timing in the base case profile, we assumed
that the costs of annual vehicle operating costs, travel time, vehicle crashes, and vehicle emissions would
increase in a faster pace for the period after project implementation as

r's =13+ (10%*((1+ 1) -1))
= 2%+ (10%*((1+ 2%)**"*-1)) = 6%

4.4 Alternative Case Deterministic Life-Cycle User Cost Calculation
Pavement .
Type Computation
User Cost | 0 =T W32 Yen
Profile e Comegee A

|€—— Flexible Pavement Service Life-Cycle ——3p|

=( Caver (1-(141)) (141 Y ))/(G-1))
Flexible H( Cavez (1-(141) &) (141 ) S0 GEr))A(1H)
Pavement +(( CAUC3» (1'(1+ I"3) (T_tz) (1+ i ) (T_tz)))/(i' 1"3))/(l+i) 12
PWicue  [=(10,377,008.40 (1-(142%) " (1+ 4% ) ))/(4%-2%)
+(( 10,377,008.40 (1-(1+2%) > (14 4% ) C2"9N)/(4%-2%))/(1+4%)"
+(( 10,377,008.40 (1-(1+6%) 53 (1+4%) ®*39))/(4%-6%))/(1+4%)*
=230,015,425.70
EUAUC = PWycuc.((i(1+) )/ ((1+i)T'1)3)8 i
=230,015,425.70 ((4%(1+4%)**)/((1+4%)*-1)) = 11,876,137.86
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5. Computation of Project Life-Cycle Overall Benefits in Perpetuity
Only consider early termination in useful service life in the first life-cycle and the typical service life-cycle as in
the base case will follow for the rest of cycles into perpetuity. The justification is that the pavement system
manager will always try to upkeep the typical life-cycle activity profile that warrants the lowest life-cycle

agency and user costs. If the first life-cycle was not completed as the typical profile, s’he will make every effort
to follow the typical life-cycle activity profile in subsequent cycles in order to achieve the lowest total

life-cycle costs.

Case Computation
Agency Cost § Ez § EE
y )
Proﬁle *0 TT ?T ?T In Perpetuity
|€=SLC,= T>{€SLC,= T-»|€ SLC,=T & SLC,=T
Base Case: User COSt * * * * In Perpetuity
T 2T 3T e
No Early Profile |2—SLC,: T>|€-SLC,= T->|«€ SLC;=T >j SLC,=T
Termination
PWLcACx 0™ PWereac/(1-(1/( H'i)T))
=28,139,792.32 /(1-(1/(1+4%)*"))
=35,543,012.42
Present Worth |py, o= PWrcod (1-(1/(14))
=232,139,250.65/(1-(1/(1+4%)*"))
=293,212,123.80
Agency Cost | A A A A ,
Profﬂe 7 T, T T In Perpetuity
[€SLC,= T P}« SLC,=T | €—SLC;= TPl SLC,= T
User Cost g EE g g
PrO ﬁ le ¢0 ¢T1 ¢]+T 'l$+2T — In Perpetuity
|€SLC,= T}~ SLC,=T | €~ SLC;= T|€& SLC,= T
PWicace 1= PWrcacHPWreac/(1-(1/(1+) )))/(1+) )
=30,070,745.45+(28,139,792.32/(1-(1/(1+4%)**)))/(1+4%)**
Early =38,078,068.31
o Present Worth
Termination . .
in Cycle 1 PW:cuco 1= PWicuerHPWircuc/(1-(1/(1+) ))/(1+) )
=230,015,425.70 +232,139,250.65 1(1/(1+4%)*°)))/(1+4%)°®
=296,071,845.3
Agency Benefits: PW = PW|cacw1-PWicacso
=38,078,068.31 - 35,543,012.42
=2,535,055.89
User Benefits: PWUB: PWLCUCoo,l'PWLCUCoo,O
gz;zfizse = 296,071,845.3 - 293,212,123.80
=2,859,721.50
Overall Benefits: PWg=PW 5+PWyg

=2,535,055.89 +2,859,721.50

=5,394,777.393
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II. Project Life-Cycle Benefit Analysis Incorporating Risk

Input factors considered for risk-based analysis include bridge agency costs of construction, maintenance, and
rehabilitation; traffic growth rates; and discount rates. Monte Carlo simulations were simultaneously
performed for those factors using Beta distributions. In this case study, 10 simulation runs and each run with
1,000 iterations were used. For each input factor involving risk consideration, the grand average was
established based on the average values of 10 simulation runs and each of which was determined in accordance
with the 1,000 iteration outcomes.

In the end, the grand average values for all factors considered for probabilistic risk analysis were used for
computing the expected project life-cycle benefits incorporating risk. The analytical procedure used is identical
to that for deterministic life-cycle benefit analysis.

It should be noted that the analysis incorporating risk is essentially an analysis under mixed case of certainty
and risk. This is because apart from the agency costs, traffic growth rates, and discount rate, the remaining
input factors such as useful service life and project size are still treated under certainty.

1. Base Case Life-Cycle Agency Cost Analysis Incorporating Risk

1.1 Unit Costs for Flexible Pavement Activities (1990$/Lane-Mile)

a. Simulation Inputs

Cost Item i o L H o o, | COV

Construction 1,353,536.53|694,614.00{ 588,385.00| 3,165,840.00] 2.49| 4.50] 51%
Rehabilitation 155,287.00{509,879.00| 29,147.00| 1,119,863.00| 2.56| 4.50] 328%
Prevent. Maintenance 4,120.00]  6,544.00 186.00]  21,999.00] 2.56| 4.50] 159%
Annual Maintenance 137.97 499.00 4.00 2,186.00| 2.27| 4.50| 362%

b. Average Values from Simulation Outputs

Cost Item Unit Cost (1990$/lane-mile)
Construction 1,492,234.51
Rehabilitation 417,362.84
Preventive Maintenance 7,954.30
Annual Maintenance 732.84

1.2 Agency Cost Items for Base Case Life-Cycle Agency Cost Analysis

Agency Cost Item Project-Related Cost (19909%)
Construction =1,492,234.51 *20 = 29,844,690.20
Rehabilitation =417,362.84 *20 = 8,347,256.80
Preventive Maintenance =7,954.30 *20 = 159,086.00
Maintenance =732.84*20 = 14,656.80
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1.3 Additional Input Factors

a. Simulation Inputs

Cost Item u o L H oy 0 COoVv
Discount Rate i 4.00% | 1.00% | 3.00% | 5.00% | 4.50 | 4.50 | 25%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% [ 4.50 | 4.50 | 33%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g; 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%

b. Average Values from Simulation Outputs

Discount Rate:

4.01%

Annual Maintenance Gradient g, g5, g3:  2.998%

1.4 Base Case Life-Cycle Agency Cost Calculation Using Average Values from Simulation

Pavement
Type

Computation

Agency Cost
Profile

op—>» Coov

1
|

1

1

1

'
\
\

> Cear
(’RLII

=15 t, =30 T=40 Year
ver

I€— Flexible Pavement Service Life-Cycle ——

Flexible  |PW, cac
Pavement

=Ccon+Cpmi/(1+)"+Cren/(1+)"

HCyama(1-(1+g) " (1+1) ))/(i-g))

H(Cuana(1-(1+g) 7 (1+1 Y D))/ (-g))/(1+) |

H(Cunana(1-(1+g3) T (141 ) T))/(G-ga)/(1+)
=29,844,690.20+159,086.00/(1+4.01%)"°+8,347,256.80/(1+4.01%)*°
+(14,656.80 (1-(1+2.998%) '* (1+ 4.01% ) "°))/(4.01%-2.998%)
+((14,656.80(1-(1+2.998%) " 19(1+4.01%) C*'9))/(4.01%-2.998%))/(1+
4.01%)"+((14,656.80 (1-(1+2.998%) “39 (14 4.01%) “*7)y/
(4.01%-2.998%))/(1+4.01%) *°

= 32,847,688.62

PWLCACao

=PWrcac/(1-(1/(1+0)1)
= 32847688.62/(1-(1/(1+4.01%)*))
= 41,447,638.91

EUAAC

=PWicac (((1+) )((1+)'-1))
— 32,847,688.62.((4-01%(1+4.01%)*)/((1+4.01%)-1))
— 1,662,050.32

EUAAC,

=PWicacwed
=41,447,638.91*4.01%
— 1,662,050.32
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2. Base Case Life-Cycle User Cost Analysis
2.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic Year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968

Project Length: 10 miles

Average Speed: 59.37mph (for Rural Principal Arterial)

Base Year AADT: 7,380/[(142.011%)**] = 3903(An annual growth rate of 2.011% as the

average of simulation outputs)

2.2 Project-Related Base Year User Cost Calculation

Vehicle Opt. Cost ($/VMT) =0.2217
Travel Time ($/VMT) =0.1534
Crash Cost ($/VMT) =0.1413
Emission Cost ($/VMT) =0.2096

Note: In 1990 constant dollars, based in an earlier Indiana study, Li and Sinha (2003)

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =0.2217*3,903*10miles*365 = $3,158,327.12
Annual Travel Time Cost =0.1534%*3,903*10miles*365 = $2,185,328.73
Annual Vehicle Crash Cost =0.1413%*3,903*10miles*365 = $2,012952.74
Annual Vehicle Air Emission Cost  |=0.2096*3,903*10miles*365 = $2,985,951.12
Total $10,342,559.71

2.3 Additional Input Parameters
a. Simulation Inputs

Cost Item u c L H o o CoOv

Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% 3.00% 4.50 | 4.50 50%

Annual User Cost Gradientr; | 2.00% |[1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

Annual User Cost Gradientr; | 2.00% | 1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, 13: 1.9959%
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2.4 Base Case Life-Cycle User Cost Calculation Using Average Values from Simulation

Pavement
Type

Computation

Flexible
Pavement

User Cost
Profile

0 T=40
HMA over HMA Year
¢

3
€ composite

Pavement Service

|€—— Flexible Pavement Service Life-Cycle ——3p]

P\NLCUC

= (Caver (1-(141) " (1+1 ) ))/(i-r)

+( Cavez (1-(1+12) 2 (14 1) CY)/(Gr))/(14)

+(( Caves (1-(14r3) T (11 ) T (-r))/(1+)

=(10,342,559.71 (1-(1+1.9959%) ** (1+ 4.01% ) *))/(4.01%-1.9959%)
+((10,342,559.71 (1-(1+1.9959%) “*' (1+ 4.01% Y >y
(4.01%-1.9959%))/(1+4.01%) "°

+((10,342,559.71  (1-(1+1.9959%) “39 (1+4.01%) “*3?))/
(4.01%-1.9959%))/(1+4.01%) *°

=230,960,466.15

PWLCUCao

=PW_cuc/ ( 1 '(1/ (1+i)T))
= 230,960,466.15/(1-(1/(1+4.01%)*)) = 291,428,907.31

EUAUC

= PWicue ((i(14) H((1+0)-1))
= 230,960,466.15((4.01%(1+4.01%)*)((1+4.01%)*-1)) = 11,686,299.18

EUAUC,

=PW| cucw.i = 291,428,907.31 *4.01% = 11,686,299.18
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3.

Alternative Case Life Cycle Agency Cost Analysis with Early Termination

3.1 Determination of the Reduction in Pavement Useful Service Life
No. Type Case o Reduction
1 IfPC <PM a. (Unit PM Cost -Unit (Unit PM Cost-Unit Project y=0*(t;-0)
Project Cost)/Unit PM Cost |Cost)/Unit PM Cost
<=0.5
b. 0.33((Unit PM Cost-Unit |0.33((Unit PM Cost-Unit Project
Project Cost)/Unit PM Cost) |Cost)/Unit PM Cost)
<=0.5
¢. ((Unit PM Cost+ 6p,)-Unit((Unit PM Cost+ 6,m)-(Unit Project
Project Cost))/(Unit PM Cost))/(Unit PM Cost+ Gym)
Cost+ 6pm) <=0.5
d. ((Unit PM ((Unit PM Cost+26,y,)-Unit Project
Cost+20,m)-Unit Project Cost))/(Unit PM Cost+ 26,)
Cost))/(Unit PM Cost+26,m)
<=0.5
e. (Unit PM ((Unit PM Cost+306,m)-Unit Project
Cost+36,m)-Unit Project Cost))/(Unit PM Cost+36,m)
Cost))/(Unit PM Cost+3 Gy)
<=0.5
f. Otherwise 0.5
2 If PM< PC<|a.((Unit PM Cost+ Rehab  |((Unit PM Cost+ Rehab Cost)-Unit y=o*(t,- t;)
(PM+Rehab) Cost) -Unit Project Project Cost)/(Unit PM Cost+

Cost)/(Unit PM Cost +Rehab
Cost) <=0.5

b.0.33((Unit PM Cost+

Rehab Cost)) -Unit Project
Cost)/(Unit PM Cost+ Rehab
Cost) <=0.5

¢.((Unit PM Cost+ o, +
Rehab Cost +6,,)-Unit
Project Cost)/(Unit PM
Cost+ opmt Rehab Cost+
Oreh ) <=0.5

d. ((Unit PM Cost+ 26, +
Rehab Cost +26,,)-Unit
Project Cost)/(Unit PM
Cost+26,m+ Rehab Cost+
2Geh ) <=0.5

Rehab Cost)

0.33((Unit PM Cost+ Rehab
Cost)-Unit Project Cost)/(Unit PM
Cost+ Rehab Cost))

((Unit PM Cost+ o, + Rehab
Cost+0o,e)-Unit Project Cost)/(Unit
PM Cost+ 6, + Rehab Cost+
Greh)

((Unit PM Cost+ 20, + Rehab
Cost +20,e,)-Unit Project
Cost)/(Unit PM Cost+26,,,+ Rehabj
Cost+ 206 )
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e.((Unit PM Cost+ 36,m +  [((Unit PM Cost+ 36, + Rehab
Rehab Cost +30,)-Unit Cost +36,e)-Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+3c,,,,+ Rehab
Cost+3o0,mt Rehab Cost+  [Cost+ 30 )
36.en ) <=0.5
f. Otherwise 0.5

IfPC> a.(-(Unit PM Cost+ Rehab  |(-(Unit PM Cost+ Rehab y=0*(to- t1)

(PM+Rehab) Cost) +Unit Project Cost)+Unit Project Cost)/(Unit PM
Cost)/(Unit PM Cost +Rehab Cost+ Rehab Cost)
Cost) <=0.5
b.0.33(<(Unit PM Cost+ 0.33(-(Unit PM Cost+ Rehab
Rehab Cost)) +Unit Project |Cost)+Unit Project Cost)/(Unit PM
Cost)/(Unit PM Cost+ Rehab/Cost+ Rehab Cost))
Cost) <=0.5
C.(-(Unit PM Cost+ 6pm +  [(<(Unit PM Cost+ o, + Rehab
Rehab Cost +6,.,)+Unit Cost+o,,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+ Gy +
Cost+ 6pmT Rehab Cost+ Rehab Cost+ o)
Gren ) <=0.5
d. (+(Unit PM Cost+ 26, + [(<(Unit PM Cost+ 26, + Rehab
Rehab Cost +26,¢,)+Unit Cost +26.,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+26,,,,+ Rehab
Cost+20,mt Rehab Cost+  [Cost+ 20 )
26, ) <=0.5
e.(-(Unit PM Cost+ 36,m +  |(-(Unit PM Cost+ 36, + Rehab
Rehab Cost +36,¢,)+Unit Cost +36.,)+Unit Project
Project Cost)/(Unit PM Cost)/(Unit PM Cost+3c,,,,+ Rehab
Cost+30,,+ Rehab Costt+  |Costt+ 30 )
36.en ) <=0.5
f. Otherwise 0.5

32 Project Timing

Unit Project Cost = (15,000,000/(1+4.01%)'%/20)= $506,186.20 (1990$/lane-mile)
Unit Rehabilitation Cost = $ 417,362.84 (1990%/lane-mile)
Unit Preventive Maintenance Cost = $7,954.30 (1990$/lane-mile)

Type 1: Unit Project cost > Unit PM Cost, Not applicable
Type 2: Unit Project cost > Unit PM cost + Unit Rehabilitation Cost, Not applicable
Type3: Unit Project cost > Unit PM Cost + Unit Rehabilitation Cost, Applicable

o = ((Unit Project cost (Unit PM Cost+ Rehab Cost))/(Unit PM Cost+ Rehab Cost)
=((506,186.20 — (7,954.30+417,362.84))/ (7,954.30+417,362.84) = 0.19 < 0.5

y = a*(T-t,) = 0.19%(40-30) = 1.9 = 2 years

Base Year =2000-32 = 1968
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3.3
DOllarz()()() = DOHaI'] 990 (1+1)
Dollar;gg0 = 15,000,000/(1+4.01%)"
Dollar;ee = $10,123,723.969

Conversion of Construction Estimate into 19908 Value
2000-1990

34 Pavement Maintenance Gradient
g'3= g + (10%*((1+ g2) 7 -1))
=2.998% + (10 %*(( 1+ 2.998%) ®*19-1)) = 9.52%

35 Project-Related Agency Cost Items Using Average Values from Simulation
Agency Cost Item Unit Cost (1990%/lane-mile) Project-Related Agency Cost
Project Cost - 10,123,723.969
Construction 1,492,234.51 =1,492,234.51 *20 = 29,844,690.20
Rehabilitation 417,362.84 =417,362.84 *20 = 8,347,256.80
Preventive Maintenance 7,954.30 =17,954.30 *20 = 159,086.00
Maintenance 732.84 =732.84*20 = 14,656.80
3.6 Alternative Case Life-Cycle Agency Cost with Early Termination Using Average Values from
Simulation
Pavement .
Type Computation
QO
. [
Agency Cost [ 3 A
Profile | | $_ ______ 4
0 =15 =32 T=38 Year
DRSS
l€—Flexible Pavement Service Life-Cyclig%
:CCON +CPM1/( 1 +i)t. +CR£H/( 1 +i)t:
Flexib] HCuana(1-(1+g) " (1+1 ) t.‘))/(i'gl) .
P H(Cuano(1-(14go) ) (14 i) )(-@)) (1)
avement H(Coma(1-(1+ 22) T (1) )/ (- g a)/(1+)

PWicac =29,844,690.20+159086.00/(1+4.01%)"°+10,123,723.969/(1+4.01%)**
+(14,656.80 (1-(1+2.998%) '* (1+ 4.01% ) '))/(4.01%-2.998%)
+((14,656.80(1-(1+2.998%)*19(1+4.01%) C*19))/(4.01%-2.998%))/
(1+4.01%) " +((14,656.80 (1-(1+9.52%) ®*3? (1+ 4.01%) %32y
(4.01%-9.52%))/(1+4.01%) **
=33,157,868.79
= PWicac ((i(1+) )(1+0) 1))

EUAAC =33,157,868.79.((4.01%(1+4.01%)**)/((1+4.01%)*-1))

=1,714,466.149
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4, Alternative Case Life-Cycle User Cost Analysis with Early Termination Using Average Values from

Simulation
4.1 Basic Data
Let Fiscal Year:

Average Daily Traffic year:
Average Daily Traffic Count:
Project Base Year:

Project Length:

Average Speed:

Base Year AADT:

4.2 Project-Related Base Year User Cost Calculation

2000
2000
7,380
1968
10 miles

59.37mph (for Rural Principal Arterial)
7,380/[(1+2.011%)**] = 3903(An annual growth rate of 2.011% as the
average of simulation outputs)

Vehicle Opt. Cost ($/VMT) =0.2217
Travel Time ($/VMT) =0.1534
Crash Cost ($/VMT) =0.1413
Emission Cost ($/VMT) =0.2096
User Cost Item Annual Cost (1990%/year)

Annual Vehicle Operating Cost

=0.2217*3903*10miles*365 = $3,158,327.12

Annual Travel Time Cost

=0.1534*3903* 1 0miles*365 = $2,185,328.73

Annual Vehicle Crash Cost

=0.1413*3903*10miles*365 = $2,012952.74

Annual Vehicle Air Emission Cost

=0.2096*3903*10miles*365 = $2,985,951.12

Total

$10,342,559.71

4.3 Additional Input Parameters

a. Simulation Inputs

Cost Item u o L H oy o COoVv
Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient r; 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr; | 2.00% |[1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs

Annual Traffic Growth Rate r:
Annual User Cost Gradient ry, 15:

'3 =r3+ (10%*((1+ 1,)*"2-1))

=1.9959%+ (10%*((1+ 1.9959%)*"2-1)) = 5.9887%

2.011%
1.9959%
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4.4 Alternative Case Life-Cycle User Cost Calculation with Early Termination Using Average Values
from Simulation

Pavement Computation
Type
User Cost 2
Profile Peven aaics
|€——— Flexible Pavement Service Life-Cycle ——3p|
:( CAUCI (1—(1+r1) tu (1+ 1 )- tl))/(i—rl)
+H(( Cavea (1-(1412) G (1+ 1 Y SO (E-n))/(1H)
+(( Caucs (1-(1+ 175) T (1+ 1 Y T)))G- r3))/(14)
Flexible

= (10,342,559.71 (1-(1+1.9959%) ** (1+ 4.01% ) ))/(4.01%-1.9959%)
+((10,342,559.71 (1-(1+1.9959%) ®*19 (1+ 4.01% ) ®*)yy/
(4.01%-1.9959%))/(1+4.01%)

+(( 10,342,559.71(1-(1+5.9887%) **3? (1+4.01%) C*32))/
(4.01%-5.9887%))/(1+4.01%) *°

=228.847,472.20

= PWycue ((i(1+) )/(1+) 1))

EUAUC  |=228,847,472.20 ((4.01%(1+4.01%)**)/((1+4.01%)*-1))
=11,832,824.57

Pavement (pwy,
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Computation of Expected Project Life-Cycle Overall Benefits in Perpetuity

Computation

Case

> PW,cuc

In Perpetuity

3T

9
N
o9
T 2T ..
SLC,= T-»}€=SLC,= T—P|«€ SLC;=T pj& SLC=T

Agency Cost
Profile

* o_)PWL('AC
> PWcuc

In Perpetuity

> PWicue

> PWycue
H» PWcue
> PW,.cuc

2T 3T

Base Case: |User Cost
<€ SLC=T Dl sﬁé;= T

0 T
No Early Profile [€-SLC,— T >€SLC,= T

Termination
PW_cacwo= PWieac/(1-(1/(1+0)1)
=32,847,688.62 /(1-(1/(1+4.01%)*))

=41,447,638.91

Present Worth 1pw, o= PWicuo/(1-(1/(14)")
=230,960,466.15/(1-(1/(1+4.01%)*))

=291,428,907.31

> PWicac

In Perpetuity

»PWLCA(
»PWLFA('
> PWo.ca

Agency Cost
Profile 0 T, T T T2T .
[4SLC = T P}€= SLC,=T | €—SLCy= TD|€SLC,=T

> PW.cue

In Perpetuity

»PWL(U(
»PWL('U(‘
> PWcue

User Cost
Profile 0 T, TT T2l ...
[4SLC,= T »j€- SLC,=T >|€~SLC;= T->|€SLC,= T

PWicace 1= PWicaciH(PWicac/(1-(1/(1+) )))/(1+)

=33,157,868.79
+(32,847,688.62/(1(1/(1+4.01%)*°)))/(1+4.01%)*®

=42,504,847.8

Present Worth
PW.cucsi= PWicucHPWrcud/(1-(1/(1+))))/(1+)

Early
Termination = 228,847,472.20
+230,960,466.15(/(1(1/(1+4.01%)*))/(1+4.01%)

in Cycle 1
=294,568,462.6

Agency Benefits: PWag=PWicace 1-PWicacxo
=42,504,847.80 -41,447,638.91

=1,057,208.89
User Benefits: PWus=PWrcuce1-PWLcucaxo
=294,568,462.6 - 291,428,907.31

Base Case
=3,139,555.30

Benefits

Overall Benefits: PWg=PW5s+PWygp
=1,057,208.89+3,139,555.30

=4,196,764.19
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II1. Project Life-Cycle Benefit Analysis under Certainty, Risk and Uncertainty

It the process of conducting risk-based analysis of project benefits, it was found that benefits items associated
with agency costs, vehicle operating costs, and vehicle emission costs were with relatively smaller magnitude
of variations. Whereas travel time and crash costs changed considerably in multiple simulation runs. As such,
travel time and crash costs were further selected for uncertainty-based analyses.

For each project, the project benefits resulted from reduction in agency costs, vehicle operating costs, and
vehicle emission costs were kept the same as those of risk-based analyses. The benefits concerning reduction in
travel time and vehicle crashes were computed using uncertainty-based analyses. The individual benefit items
were added together to arrive at the overall project life-cycle benefits under certainty, risk, and uncertainty.

L. Base Case Life-Cycle Agency Cost Analysis Incorporating Risk

1.1 Unit Costs for Flexible Pavement Activities (1990$/Lane-Mile)

a. Simulation Inputs

Cost Item u c L H o o, | COV

Construction 1,353,536.53]694,614.00| 588,385.00| 3,165,840.00] 2.49| 4.50] 51%
Rehabilitation 155,287.00/509,879.00] 9,147.00| 1,119,863.00] 2.56] 4.50] 328%
Prevent. Maintenance 4,120.00| 6,544.00 186.00 21,999.00| 2.56| 4.50| 159%
Annual Maintenance 137.97 499.00 4.00 2,186.00| 2.27| 4.50| 362%

b. Average Values from Simulation Outputs

Cost Item Unit Cost (1990%/lane-mile)
Construction 1,492,234.51
Rehabilitation 417,362.84
Preventive Maintenance 7,954.30
Annual Maintenance 732.84

1.2 Agency Cost Items for Base Case Life-Cycle Agency Cost Analysis

Agency Cost Item Project-Related Cost (19909%)
Construction =1,492,234.51 *20 = 29,844,690.20
Rehabilitation =417,362.84 *20 = 8,347,256.80
Preventive Maintenance =7,954.30 *20 = 159,086.00
Maintenance =732.84*20 = 14,656.80
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1.3 Additional Input Factors

a. Simulation Inputs

Cost Item u o L H oy 0 COoVv
Discount Rate i 4.00% | 1.00% | 3.00% | 5.00% | 4.50 | 4.50 | 25%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% [ 4.50 | 4.50 | 33%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g; 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%

b. Average Values from Simulation Outputs

Discount Rate:

4.01%

Annual Maintenance Gradient g, g5, g3:  2.998%

1.4 Base Case Life-Cycle Agency Cost Calculation Using Average Values from Simulation

Pa¥;r;1:nt Computation
Agency Cost 3
Profile | | ___ ¢ _____________
0 =15 t = 3.9 T=40 Year
1€ _ =
I €—Flexible Pavement Service Lifc-Cyc?E'ﬁ)i
:CCON +CPM1/ ( 1 +i)t1 +CREH/ ( 1 +i)tz
HCuana (1-(1+g) '(1+1) ))(i-g))
H(Cuana(1-(1+2) ) (11 )/(G-g))/(1+)
H(Cuana(1-(1+g3) T (141 ) T /(G-ga))/(1+)
Flexible
Pavement PW =29,844,690.20+159,086.00/(1+4.01%)"°+8,347,256.80/(1+4.01%)*°
LeAC +(14,656.80 (1-(1+2.998%) '* (1+ 4.01% ) "))/(4.01%-2.998%)
+((14,6?56.80(1-(1+2.998%)(30'15’(1+4.01%)'(30'15)))/(4.01%-2.998%))/(1+
4.01%)
+((14,656.80 (1-(142.998%) “3% (14 4.01%) “*37))/
(4.01%-2.998%))/(1+4.01%) *°
= 32,847,688.62
PW =PWrcac/(1-(1/ (1+i)T))
LCAC = 32847688.62/(1-(1/(1+4.01%)™)) = 41,447,638 91
EUAAC = PWicac ((i(1+))((1+)'-1))
= 32847688.62.((4.01%(1+4.01%)*)/((1+4.01%)"-1)) = 1,662,050.32
EUAAC, | P Wicaced

=41,447,638.91*4.01% = 1,662,050.32
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2. Base Case Life-Cycle Vehicle Operating Costs and Emission Costs under Risk
2.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic Year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968

Project Length: 10 miles

Average Speed: 59.37mph (for Rural Principal Arterial)

Base Year AADT: 7,380/[(142.011%)**] = 3903(An annual growth rate of 2.011% as the

average of simulation outputs)

2.2 Project-Related Base Year User Cost Calculation

Vehicle Opt. Cost ($/VMT) =0.2217

Travel Time ($/VMT) =0.1534

Crash Cost ($/VMT) =0.1413

Emission Cost ($/VMT) =0.2096

User Cost Item Annual Cost (1990%/year)

Annual Vehicle Operating Cost =0.2217*3903*10miles*365 = $3,158,327.12
Annual Vehicle Air Emission Cost  |=0.2096*3903*10miles*365 = $2,985,951.12
Total $6,144,278.24

2.3 Additional Input Parameters
a. Simulation Inputs

Cost Item u c L H o o CoOv

Annual Traffic Growth Rater| 2.00% | 1.00% | 1.00% 3.00% 4.50 | 4.50 50%

Annual User Cost Gradientr; | 2.00% |[1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

Annual User Cost Gradientr, | 2.00% |[1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

Annual User Cost Gradientr; | 2.00% | 1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate 2.011%
Annual User Cost Gradient 1y, 15, r3: 1.9959%
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2.4 Calculation of Base Case Life-Cycle Vehicle Operating Costs and Emission Costs Using Average

Values from Simulation

Pa¥;1;1:nt Computation
User Cost
Profile
|€——— Flexible Pavement Service Life-Cycle ——3p|
=( Cauct (1-(1+1) " (1+1 ) "))(i-1y)
+(( Cavca (1-(1412) 0 (141 Y ) (GEr))/(1H)
H( Caues (1-(1413) T (1+ 1y T/ (Ger)) /(1)
Flexible =(16,144,278.24 (1-(1+1.9959%) 15 (1+4.01% )y 15))/(4.01%—1 .9959%)

PWievocre 16,144,278 24 (1-(1+1.9959%) 19 (1+ 4.01% Y
G019))/(4.01%-1.9959%))/(1+4.01%) °
+((6,144,278.24 (1-(1+1.9959%) “*3% (1+4.01%)
“030))/(4.01%-1.9959%))/(1+4.01%) **
=137,208,332.14
PW, cvocic =PWicvocred/(1-(1/(1+)1)) 0

® |=137,208,332.14 /(1-(1/(1+4.01%)")) = 173,131,250.45
EUAvoome = PWicvooee ((i(1+0) )/((1+i) 1)) o 0

= 137,208,332.14 .((4.01%(1+4.01%)**)/((1+4.01%)*’-1)) = 6,942,563.14

EUAvockce  |= PWicvookced = 173,131,250.45%4.01% = 6,942,563.14

Pavement
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3. Base Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty
3.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic Year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968

Project Length: 10 miles

Highway Classification: Rural Principal Arterial

Average Speed: 59.37mph (for Rural Principal Arterial)

Base Year AADT: 7,380/[(1+1.63%)**] = 4,399(An annual growth rate of 1.63% adjusted from

the average of simulation outputs)

32 Project-Related Base Year User Cost Calculation
Travel Time Cost ($/VMT): 0.1534
Vehicle Crash Cost ($/VMT):  0.1413

User Cost Item Annual Cost (19908/year)
Annual Travel Time Cost =0.1534%4,399*10miles*365 = $2,463,044.09
Annual Vehicle Crash Cost =0.1413*4,399*10miles*365 = $2,268,762.26
Total $4,731,806.35

33 Additional Input Parameters
a. Simulation Inputs
Cost Item 1! c L H oy o CoVv
Discount Rate i 4.00% | 1.00% |3.00% [5.00% | 4.50 4.50 25%
Annual Traffic Growth Rater| 2.00% | 1.00% |1.00% [3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% | 1.00% |[1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |[1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% | 1.00% |1.00% [3.00% | 4.50 4.50 50%

b. Average Values from Simulation Outputs
Discount Rate i: 4.01%
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, r3: 1.9959%

c. Values Adjusted from Simulation Using Penalty Rules for Uncertainty-Based Analysis
Cost Item Average, X@g)|  XsrL Xsrg Tolerance (AX) X
Discount Rate i 4.01% 5.00% | 3.00% |20% of un=4.00% | 4.17%
Annual Traffic Growth Rater| 2.011% 1.00% | 3.00% |39% of u=2.00% | 1.63%
Annual User Cost Gradientr; | 1.9959% 1.00% | 3.00% |39% of n=2.00% | 1.64%
Annual User Cost Gradientr, | 1.9959% 1.00% | 3.00% |39% of un=2.00% | 1.64%
Annual User Cost Gradientr; | 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
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Penalty Rule:

Xy if‘XSFL—X(E)‘éAX
; -] X
If more is better, X SFL _otherwise
(XX ]
X ey if | Xgpy -Xp| <AX
If less is better, X=7 XsfL otherwise
[LHAX/X )]

- For discount rate i, less is better.
Since [Xspr - X(g)| = 5% - 4.01%| = 0.99% > AX =20%*4% = 0.8%
Xi = Xsr/[1+AX/ X)) = 5%/[14+0.8%/ 4.01%] = 4.17%

- For annual traffic growth rate r, more is better.
Since [Xsrr - X = [1% - 2.011%| = 1.011% > AX =39%%*2% = 0.78%
X = Xsrr/[1-AX/ Xg)] = 1%/[1- (0.78%/ 2.011%)] = 1.63%

- For annual user cost gradients 1, 15, 13, more is better.
Since [Xgrr - X) = [1% - 1.995%| = 0.995% > AX =39%*2% = 0.78%
Xrl = sz = Xr3:XSFL/[1-AX/ X(E)] = 1%/[1- (078%/ 1995%)] = 164%

Note:
1. The AX’s are set as per the preference of the decision-maker. In addition, r, 1y, 1, and r; could also be

thought of less is better in some cases. In so doing, the adjusted values for r would be 3%/[1+ (0.78%/
2.011%)] = 2.16% and for 1y, 1,, and r; would be 3%/[1+ (0.78%/ 1.995%)] = 2.16% instead.

2. The adjusted values for discount rate i = 4.17%, for annual traffic growth rate r = 1.63%, and for annual
user cost gradients 1, 1, and r; = 1.64% were used as inputs for uncertainty-based analysis.
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34 Calculation of Base Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty

Pavement

Computation
Type
=15 _ T=40
User COSt 0 l e 3?—1MA over HMA Year
Profile K Comeste A

|€—— Flexible Pavement Service Life-Cycle ——p]

=( Cauct (1-(1+17) " (1+1 ) "))/(i-1y)
H( Cavez (1-(1412) 8 (1+1 Y C))/(G-r))(1+) |
+(( Caucs (1-(14r3) T2 (141 Y T (E-r3))/(1H) &

PW =(4,731,806.35 (1-(1+1.64%) > (1+ 4.17% ) "*))(4.17%-1.64%)
Lermve +((4,731,806.35 (1-(1+1 .64%)) G114+ 4.17% y 1))/

(4.17%-1.64%))/(1+4.17%)

+((4,731,806.35 (1-(141.64%) “ (1+4.17%) “*37)y/

(4.17%-1.64%))/(1+4.17%) *°

=100,911,545.69

Flexible
Pavement

=PWicrmvo/(1-(1/(1+)"))
PWicrives = 100,911,545.69 /(1-(1/(1+4.17%)*))
=125,374,062.16

=PWicrmve (1) )((1+1) 1))
EUAvc =100,911,545.69 ((4.17%(1+4.17%)*)/((1+4.17%)*-1))
=5,228,098.39

EUATT/VCOO = PWLCTT/VCOOj = 125,374,06216 *4.17% = 5,228,09839

4. Base Case Life-Cycle User Cost Calculation

Pavement

Type Computation

=PWicvocee + PWiertve

PWicue =137,208,332.14+ 100,911,545.69 = 238,119,877.70

=PWicvoores T PWicrtves
PWicucs =173,131,250.45 + 125,374,062.16

Flexible =298.,505,312.50

Pavement
=EBUAvockc + EUALcTTve

EUAUC — 6.942.,563.14 + 5,228,098 39= 12,170,661 53

=EBUA| cvooece  EUALcTVES

BUAUC, | 6.942,563.14 + 5,228.098.39= 12.170.661.53
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5. Alternative Case Life Cycle Agency Cost Analysis with Early Termination
5.1 Determination of the Reduction in Pavement Useful Service Life
No. Type Case o Reduction
1 If PC <PM a. (Unit PM Cost -Unit (Unit PM Cost-Unit Project y=0*(t;-0)
Project Cost)/Unit PM Cost |Cost)/Unit PM Cost
<=0.5
b. 0.33((Unit PM Cost-Unit |0.33((Unit PM Cost-Unit Project
Project Cost)/Unit PM Cost) |Cost)/Unit PM Cost)
<=0.5
¢. ((Unit PM Cost+ ((Unit PM Cost+ opm)-(Unit
opm)-Unit Project Project Cost))/(Unit PM Cost+
Cost))/(Unit PM Cost+ opm)|cpm)
<=0.5
d. ((Unit PM ((Unit PM Cost+2opm)-Unit
Cost+2opm)-Unit Project  |Project Cost))/(Unit PM Cost+
Cost))/(Unit PM 26pm)
Cost+2opm) <=0.5
e. (Unit PM ((Unit PM Cost+3opm)-Unit
Cost+3opm)-Unit Project  |Project Cost))/(Unit PM
Cost))/(Unit PM Cost+3 Cost+3opm)
opm) <=0.5
f. Otherwise 0.5
2 If PM < PC < |a.((Unit PM Cost+ Rehab  |((Unit PM Cost+ Rehab Cost)-Unity=o*(t2- t1)
(PM+Rehab) Cost) -Unit Project Project Cost)/(Unit PM Cost+

Cost)/(Unit PM Cost +Rehab
Cost) <=0.5

b.0.33((Unit PM Cost+

Rehab Cost)) -Unit Project
Cost)/(Unit PM Cost+ Rehab
Cost) <=0.5

¢.((Unit PM Cost+ opm +
Rehab Cost +oreh)-Unit
Project Cost)/(Unit PM
Cost+ opm+ Rehab Cost+
oreh ) <=0.5

d. ((Unit PM Cost+ 2opm +
Rehab Cost +2coreh)-Unit
Project Cost)/(Unit PM
Cost+2opm+ Rehab Cost+
2oreh ) <=0.5

Rehab Cost)

0.33((Unit PM Cost+ Rehab
Cost)-Unit Project Cost)/(Unit PM
Cost+ Rehab Cost))

((Unit PM Cost+ opm + Rehab
Cost+oreh)-Unit Project
Cost)/(Unit PM Cost+ opm +
Rehab Cost+ oreh)

((Unit PM Cost+ 2opm + Rehab
Cost +2oreh)-Unit Project
Cost)/(Unit PM Cost+2cpm+
Rehab Cost+ 2creh )
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e.((Unit PM Cost+ 3opm +
Rehab Cost +3oreh)-Unit

((Unit PM Cost+ 3opm + Rehab
Cost +3creh)-Unit Project

Project Cost)/(Unit PM Cost)/(Unit PM Cost+3opm+

Cost+3opm+ Rehab Cost+ |Rehab Cost+ 3oreh )

3oreh ) <=0.5

f. Otherwise 0.5
IfPC> a.(-(Unit PM Cost+ Rehab  |(-(Unit PM Cost+ Rehab y=0*(t,- t1)
(PM+Rehab) Cost) +Unit Project Cost)+Unit Project Cost)/(Unit PM

Cost)/(Unit PM Cost +Rehab
Cost) <=0.5

b.0.33(-(Unit PM Cost+

Rehab Cost)) +Unit Project
Cost)/(Unit PM Cost+ Rehab
Cost) <=0.5

¢.(-(Unit PM Cost+ opm +
Rehab Cost +oreh)+Unit
Project Cost)/(Unit PM
Cost+ opm+ Rehab Cost+
oreh ) <=0.5

d. (<(Unit PM Cost+ 2opm +
Rehab Cost +2coreh)+Unit
Project Cost)/(Unit PM
Cost+2opm+ Rehab Cost+
2oreh ) <=0.5

e.(-(Unit PM Cost+ 3opm +
Rehab Cost +3oreh)+Unit
Project Cost)/(Unit PM
Cost+3opm+ Rehab Cost+
3oreh ) <=0.5

f. Otherwise

Cost+ Rehab Cost)

0.33(-(Unit PM Cost+ Rehab

Cost)+Unit Project Cost)/(Unit PM

Cost+ Rehab Cost))

(-(Unit PM Cost+ opm + Rehab
Costtoreh)+Unit Project
Cost)/(Unit PM Cost+ opm +
Rehab Cost+ oreh)

(<(Unit PM Cost+ 2opm + Rehab
Cost +2oreh)+Unit Project
Cost)/(Unit PM Cost+2cpm+
Rehab Cost+ 2oreh )

(<(Unit PM Cost+ 3opm + Rehab
Cost +3oreh)+Unit Project
Cost)/(Unit PM Cost+3opm+
Rehab Cost+ 3oreh )

0.5

Project Timing

Unit Project Cost = (15,000,000/(1+4.01%)'%/20)= $506,186.20 (1990$/lane-mile)
Unit Rehabilitation Cost = $ 417,362.84 (1990%/lane-mile)
Unit Preventive Maintenance Cost = $7,954.30 (1990$/lane-mile)

Type 1: Unit Project cost > Unit PM Cost, Not applicable

Type 2: Unit Project cost > Unit PM cost + Unit Rehabilitation Cost, Not applicable

Type3: Unit Project cost > Unit PM Cost + Unit Rehabilitation Cost, Applicable

o= ((Unit Project cost ((Unit PM Cost+ Rehab Cost))/(Unit PM Cost+ Rehab Cost)
=((506,186.20 — (7,954.30+417,362.84))/ (7,954.30+417,362.84) = 0.19 < 0.5

y = a*(T-t,) = 0.19%(40-30) = 1.9 = 2 years
Base Year =2000-32 = 1968
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53
DOllarz()()() = DOHaI'] 990 (1+l)
Dollar;gg0 = 15,000,000/(1+4.01%)"
Dollar;ee = $10,123,723.969

Conversion of Construction Estimate into 19908 Value
2000-1990

5.4 Pavement Maintenance Gradient Adjustment
g'3= g + (10%*((1+ g2) 7 -1))
=2.998% + (10 %*(( 1+ 2.998%) ®*19-1)) = 9.52%

5.5 Project-Related Agency Cost Items Using Average Values from Simulation
Agency Cost Item Unit Cost (1990%/lane-mile) Project-Related Agency Cost
Project Cost - 10,123,723.969
Construction 1,492.234.51 =1,492,234.51 *20 = 29,844,690.20
Rehabilitation 417,362.84 =417,362.84 *20 = 8,347,256.80
Preventive Maintenance 7,954.30 =17,954.30 *20 = 159,086.00

5.6 Alternative Case Life-Cycle Agency Cost with Early Termination Using Average Values from
Simulation
Pavement .
Type Computation
@)

Agency 3 f‘

Cost y L

Profile | b-------- ?— ---- ToL----1

0 t, =15 =32 T=38 Year
€
[€—— Flexible Pavement Service Life-CycTe‘%
= Ccon +Crwi/(1+)" +Cren/(1+)
Flexible H(Cyvami(1-(1+gy) 3(1 1 t+ i) t'?)/(it'tgl) . L
Pavement H(Crama(1-(14+g2) ) (141 ) D)) (-g))/(1+)
H(Cwans(1-(1+ g25) T (1+1 ) T)(- g23))(1+H) &

PW.icac |=29,844,690.20+159086.00/(1+4.01%)"°+10,123,723.969/(1+4.01%)*
+(14,656.80 (1-(1+2.998%) ° (1+ 4.01% ) *))/(4.01%-2.998%)
+((14,656.80(1-(1+2.998%) > 9(144.01%) C*'))/(4.01%-2.998%))/
(1+4.01%) °
+((14,656.80 (1-(149.52%) 3 (1+ 4.01%) ©*%))/(4.01%-9.52%))/(1+4.01%) **
=33,157,868.79
=PWcac - ((((1+) )((1+i)'-1))

EUAAC| 40 38 1vy —
=33,157,868.79((4.01%(1+4.01%)™*)/((144.01%)**-1)) = 1,714,466.149
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6. Alternative Case Life-Cycle Vehicle Operating Costs and Emission Costs under Risk

6.1 Basic Data

Let Fiscal Year: 2000
Average Daily Traffic Year: 2000
Average Daily Traffic Count: 7,380

Project Base Year: 1968
Project Length: 10 miles
Average Speed:

Base Year AADT:

average of simulation outputs)

6.2 Project-Related Base Year User Cost Calculation

59.37mph (for Rural Principal Arterial)
7,380/[(1+2.011%)**] = 3,903(An annual growth rate of 2.011% as the

Vehicle Opt. Cost ($/VMT) =0.2217
Emission Cost ($/VMT) =0.2096
User Cost Item Annual Cost (1990%/year)

Annual Vehicle Operating Cost

=0.2217*3,903*10miles*365 = $3,158,327.12

Annual Vehicle Air Emission Cost  |=0.2096*3,903* 1 0miles*365 = $2,985,951.12

Total

$6,144,278.24

6.3 Additional Input Parameters
a. Simulation Inputs

Cost Item u c L H o o (6(0)Y
Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr; | 2.00% |[1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr; | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, 13: 1.9959%
r'3=r13+ (10%*((1+ rp)**')-1))
=1.9959%+ (10%*((1+ 1.9959%)*'2-1)) = 5.9887%
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6.4 Calculation of Alternative Case Life-Cycle Vehicle Operating Costs and Emission Costs Using

Average Values from Simulation

Pavement .
Type Computation
User Cost
Profile wemen Sovice
|€——— Flexible Pavement Service Life-Cycle ——3p|
= (CAUC1 (1—(1+r1) tl (1+ 1 )_ tl))/(i—rl)
+(( Cavca (1-(1412) 0 (14 1 Y S (GEr))/(1H)
. +H( Caves (1-(1+ r3) T (14 1) TO)/G-r3))/(1+)
Flexible
Pavement PW =(6,144,278.24 (1-(1+1.9959%)"° (1+ 4.01% ) *))/(4.01%-1.9959%)
LEVOCEC 14(( 6,144,278.24 (1-(1+1.9959%) %> (14 4.01% ) ®*))/
(4.01%-1.9959%))/(1+4.01%)"
+((6,144,278.24 (1-(1+5.9887%) %32 (1+4.01%) **32)y/
(4.01%-5.9887%))/(1+4.01%) **
= 135,953,050.7
EUA =PWicvoore/(1-(1/(1+)"))
VOCEC =135,953,050.7/(1-(1/(1+4.01%)"*")) = 7,029,610.523
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7. Alternative Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty
7.1 Basic Data

Let Fiscal Year: 2000

Average Daily Traffic Year: 2000

Average Daily Traffic Count: 7,380

Project Base Year: 1968

Project Length: 10 miles

Highway Classification: Rural Principal Arterial

Average Speed: 59.37mph (for Rural Principal Arterial)

Base Year AADT: 7,380/[(1+1.63%)**] = 4,399(An annual growth rate of 1.63% adjusted from

the average of simulation outputs)

7.2 Project-Related Base Year User Cost Calculation
Travel Time Cost ($/VMT): 0.1534
Vehicle Crash Cost ($/VMT):  0.1413

User Cost Item Annual Cost (19908/year)
Annual Travel Time Cost =0.1534*4,399*10miles*365 = $2,463,044.09
Annual Vehicle Crash Cost =0.1413*4,399*10miles*365 = $2,268,762.26
Total $4,731,806.35

73 Additional Input Parameters
a. Simulation Inputs
Cost Item 1! c L H oy o CoVv
Discount Rate i 4.00% | 1.00% |3.00% [5.00% | 4.50 4.50 25%
Annual Traffic Growth Rater | 2.00% | 1.00% |1.00% [3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% | 1.00% |[1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |[1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% | 1.00% |[1.00% |3.00% | 4.50 4.50 50%

b. Average Values from Simulation Outputs
Discount Rate i: 4.01%
Annual Traffic Growth Rater:  2.011%
Annual User Cost Gradient ry, 15: 1.9959%

c. Values Adjusted from Simulation Using Penalty Rules for Uncertainty-Based Analysis
Cost Item Average, X@g)|  XsrL Xsrg Tolerance (AX) X
Discount Rate i 4.01% 5.00% | 3.00% |20% of n=4.00% | 4.17%
Annual Traffic Growth Rate r 2.011% 1.00% | 3.00% |39% of n=2.00% | 1.63%
Annual User Cost Gradient r; 1.9959% 1.00% | 3.00% |39% of n=2.00% | 1.64%
Annual User Cost Gradient r, 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
Annual User Cost Gradient r; 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%

r’s =13+ (10%*((1+r,)*"19-1))
= 1.64%+ (10%*((1+ 1.64%)*")-1)) = 4.825%
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7.4 Calculation of Alternative Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty

Pavement

Type Computation

0 =15 =32 T=38
User COSt 2 K HMA over HMA N Year
[¢
Profile v Seice
|€—— Flexible Pavement Service Life-Cycle ——p]

=( Caver (1-(141) " (1+1 ) ))/(i-1)

H( Cavez (1-(1+12) 9 (141 )y SO (E-r) (1+) |
+(( Caucs (1-(1+ 1°5) T (1+ 1 Y TD))/(G- r3))(1+H)

Flexible

Pavement PW =(4,731,806.35 (1-(1+1.64%)" (1+ 4.17% ) ®))/(4.17%-1.64%)
HETTVE14((4,731,806.35 (1-(1+1.64%) ©*) (1+4.17% ) 1))/

(4.17%-1.64%))/(1+4.17%)"

+((4,731,806.35 (1-(1+4.825%) “*32 (1+4.17%) %32/

(4.17%-4.825%))/(1+4.17%)*

= 99,796,360.96

= PWrcrmve (((1+) )/((1+) 1)

BUAmmve =99,796,360.96. ((4.17%(1+4.17%)**)/((1+4.17%)**-1)) = 5,279,281.077
8. Alternative Case Life-Cycle User Cost Calculation
Pavement .
Type Computation

PW = P\NLCVOC/EC + PWLCTT/VC

Flexible teve = 135,953,050.7+ 99,796,360.96= 235,749,411.70

Pavement = EUAVOC/EC +EUALCTT/VC
EUAUC =7,029,610.523+5,279,281.077= 12,308,891.60
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9. Computation of Project Life-Cycle Overall Benefits in Perpetuity

Case Computation

Agency Cost § g § §

Agency (S S S SU—-

|- SLC = T->|€-SLC,= T-»|«€ SLC;=T P} SLC,=T

User Cost ? ? }i ,? —

Base Case: Profile |2—SLC.: T—)|(T—SLCZ= T—)2|T(— SLC;=T —)3|T(— sfc?= T
No Early
Termination PW_cacmo= PWicac/(1-(1/(14i)1))
=32,847,688.62 /(1-(1/(1+4.01%)"))
=41,447,638.91 .
PWicucao™ PWrcucwocvae/(1-(1/(1+)))

Present Worth + PWycveqrmveey/(1-(1A(1 +i)T))
=137,208,332.14 /(1(1/(1+4.01%)"%))
+100,911,545.69/(1(1/(1+4.17%)™))
=108,739,042.5+ 81,222,063.63 = 189,961,106.17

Agency Cost § § g g

Profile ¢o 'fT, ¢1+T "l¢r2T In Perpetuity

|4SLC,= T »|€=SLC,=T | €—SLC;= T} SLC,=T
Early
Termination g g 5 S
inCycle I |User Cost ? ,? * ?
Profile 0 T, T+ T T 2T ... In Perpetuity
[4SLC = T}~ SLC,=T —»|€~SLC;= T D} SLC,=T
PWicacni= PWicaciHPWicac/(1-(1/(1+0)))/(1+i)
=33157868.79
+(32,847,688.62/(1(1/(1+4.01%)*)))/(1+4.01%)™
=42,504,847.8
PWicucw, 1= PWrcucivrrivee H(PWecucvrriveey/(1(1/(1 +H))N(1+i)"
Present Worth TPW_cucivocrvae H(PWicucwvocrvasy/(1-(1/(1 +i)T)))/ ( +i)T1
=(99,796,360.96
+100,911,545.69(1/(1(1/(1+4.17%)**)))/(1+4.17%)*%)
+135953050.7
+137,208,332.14 (/(1-(1/(1+4.01%)*)))/(1+4.01%)*®)
=126,341,588.9 + 174,814,751.5 =301,156,340.40
Agency Benefits: PW 5= PW cacw1-PWLcacso
=42,504,847.80—41,447,638.91 = 1,057,208.89
User Benefits: PWuyp=PW_cucw 1-PWLcucwo
Base Case =301,156,340.40 - 189,961,106.17
Benefits =111,195,234.3
Overall Benefits: PWg =PWptPWyg
=1,057,208.89 + 111,195,234.3
=112,252,443.2
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IV. Analysis Summary

1. Basic Input Data
a. Analysis under Certainty

Data Item AC VOC TT VC EC
Project Cost 10,133,462.53
Construction Cost 27,070,730.60
Rehabilitation Cost 3,105,740.00
Preventive Maintenance 82,400.00
Annual Routine Maintenance 2,760.00
RM Gradient g;, g, g5/g3’ 3.00%/9.528%
Discount Rate i 4.00% 4.00% 4.00% 4.00% 4.00%
Base Year AADT 3,916 3,916 3,916 3,916 3,916
Annual Traffic Growth r 2.00% 2.00% 2.00% 2.00% 2.00%
Annual UC Gradient 1y, 1, 13/ 13’ 2.00%/6.00%[2.00%/6.00%]2.00%/6.00% [2.00%/6.00%
Service Life for Base Case 40 40 40 40 40
Service Life for Alt Case 38 38 38 38 38
b. Analysis under Certainty and Risk

Data Item AC VOC TT VC EC
Project Cost 10,123,723.969
Construction Cost 29,844,690.20
Rehabilitation Cost 8,347,256.80
Preventive Maintenance 159,086.00
Annual Routine Maintenance 14,656.80
RM Gradient g;, g, g3/ g5’ 2.998%/9.52%
Discount Rate i 4.01% 4.01% 4.01% 4.01% 4.01%
Base Year AADT 3,903 3,903 3,903 3,903 3,903
Annual Traffic Growth r 2.011% 2.011% 2.011% 2.011% 2.011%

. , 1.995%/ 1.995%/ 1.995%/ 1.995%/

Annual UC Gradient 1y, r;, 15/ 15 5.9887%|  5.9887%|  5.9887%|  5.9887%
Service Life for Base Case 40 40 40 40 40
Service Life for Alt Case 38 38 38 38 38
c. Analysis under Certainty, Risk, and Uncertainty

Data Item AC VOC TT VC EC
Project Cost 10,123,723.969
Construction Cost 29,844,690.20
Rehabilitation Cost 8,347,256.80
Preventive Maintenance 159,086.00
Annual Routine Maintenance 14,656.80
RM Gradient g;, g, g5/ g5 2.998%/9.52%
Discount Rate i 4.01% 4.01% 4.17% 4.17% 4.01%
Base Year AADT 3,903 3,903 4,399 4,399 3,903
Annual Traffic Growth r 2.011% 2.011% 1.63% 1.63% 2.011%

o0 o o o

Service Life for Base Case 40 40 40 40 40
Service Life for Alt Case 38 38 38 38 38
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Estimated Project Benefits

Certainty, Risk and

Item Certainty Certainty and Risk Uncertainty
PW 4 gency Benefits 2,535,055.89 1,057,208.89 1,057,208.89
PW User Benefits 2,859,721.50 3,139,555.30 111,195,234.3

P WTotal Benefits

5,394,777.39 4,196,764.19

112,252,443.2

Project Costs in Perpetuity
Case Computation
Project Cost (& A A A _—
Profile T 2T T ey
|- SLC = T|€-SLC,= T-P»|<€ SLC;=T Pl SLC,=T
PWLCPC _ Proj ect COST/(( 1 +i)(2000-1990)+Pr0ject Timing)
= 15,000,000/(( 1-+4%)>000-1990:32)
Certainty =2,888,623.955
(i=4%) PWicpeo = PWicpe/(1-(1/(1+)"))
=2,888,623.955/(1-(1/(1+4%)*"))
= 3,648,584.039
PWicrc = Project Cost/(( L+ s i
. = 15,000,000/((1+4.01%)2000-19%0:32)
Efsrlt(amty and 2876982441
(i=4.01%) PWicpcw=PWrcec/(1-(1/(1+1) 7))

=2,876,982.441/(1-(1/(1+4.01%)"%))
=3,630,213.703

Certainty, Risk,
and Uncertainty
(i=4.01%)

PWycpe=2,876,982,441
PWycpew=3,630,213.703

Summary of Project Benefit-Cost Analysis Results

. . . Certainty, Risk and
Item Certainty Certainty and Risk Uncertainty
=5,394,777.39 - =4,196,764.19 - =112,252,443.2 -
NPW 3,648,584.039 3,630,213.703 3,630,213.703
= 1,746,193.351 = 566,550.487 = 108,622,229.5
=5,394,777.39/ =4,196,764.19/ =112,252,443.2/
B/C 3,648,584.039 3,630,213.703 3,630,213.703
=148 =1.16 =30.9

136



APPENDIX 2: An Example of Highway Bridge Project Evaluation under Certainty, Risk, and Uncertainty

I. Deterministic Project Benefit Analysis Using the Life-Cycle Cost Analysis Approach
1. Base Case Deterministic Life-Cycle Agency Cost Analysis

(Using the Typical Bridge Life-Cycle Activity Profile)
1.1 Basic Data

Let Fiscal Year: 2001
Construction Estimate: $3,390,000
Project Length: 0.934 miles
Bridge Length: 246.6 ft

Average daily Traffic Year: 1992
Average Daily Traffic Count: 108,210

Number of Lanes: 6

Work Type Description: Superstructure Replacment for a Steel Truss Bridge

1.2 Bridge Area Calculation

Length =246.6 ft

Number of lanes =6

Total Area (s ft) = Length*((Number of Lanes*12) + (2*Shoulder Width))
=246.6%((6 *12) + (2*06))
=20,714.40 ft2

1.3 Base Case Agency Cost Items

Agency Cost Item Unit Cost (19908/ft") Project-Related Agency Cost
Construction 348.25 =348.25*20,714.4 =7,213,789.80
Deck Rehabilitation 62.019 =062.019*20,714.4 = 1,284,686.37
Deck Replacement 124.04 =124.04*20,714.4 =2,569,414.18
Maintenance Cost - =(2.5%%7,213,789.80)/80 =2,254.31

First Year Annual Maintenance Cost = (2.5%*Construction Cost)/ (Base Case Life in years)

1.4 Additional Input Factors
Discount Rate i: 4%
Annual Maintenance Cost Gradient g, g, 23, 24 3%
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1.5 Base Case Life-Cycle Agency Cost Calculation

Bridge .
Type Computation

Agency [ 5 3 E

Cost Profile D :[ ________
R 11T 2-5— lz; © IET & T= 8!) Year
l€«—— Steel Truss Bridge Service Life-Cycle —
= Ccon +Cprex/(1H)" +Cpprep/(1+H):+Cprem/(1+)"
HCymami(1-(1+g)) t\( I+1) l\))/(i-gl)
H(Cuama(1-(1+g2) 1 (141 CO)/(G-g))/(1+) |
H((Cuams(1-(1+g3) C (1 1) CSU))/(G-ga))/(1+) &
H(Conama(1-(1+ga) T+ 1) T))/(G-ga))/(1+)

Steel Truss

=7,213,789.80+1,284,686.37/(1+4%)*

+2,569,414.18/ (1+4%) *

+ 1, 284,686.37/ (1+4%)

+(2,254.31 (1-(143%) » (1+4%) 2))/ (4%-3%)

+((2,254.31 (1-(143%) “O2) (1+4%) W)/ (4%-3%))/ (1+4%) >
+((2,254.31 (1-(143%) 4 (1+4%) 1Y)/ (4%-3%))/ (1+4%) *°
+((2,254.31 (1-(143%) B0 (14 4%) €9/ (4%-3%))/ (1+4%) ©°
=8, 403,486.02

Bridge PWicac

=PWicac/(1-(1/(1+)"))
PWicace |= 8,403,486.02/(1-(1/(1+4%)™))
=8,784,599.97

= PWicac (G(1+)HA((1+)-1))
EUAAC |- 8,403,486.02((4%(1+4%)%)/((1+4%)*-1))
=351,384.00

EUAAC, |=PWicacwei =8,784,599.97*4% = 351,384.00
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2. Base Case Deterministic Life-Cycle User Cost Analysis
(Using the Typical Bridge Life-Cycle Activity Profile)

2.1. Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1968

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/ [(1+2%) **] = 67,276 (An annual growth rate of 2%)

2.2 Project-Related Base Year User Costs
Vehicle Opt. Cost ($/VMT) =0.8156 - 0.0077*Speed  =0.8156 - 0.0077*56.78 =0.3784

Travel Time ($/VMT) =0.4595-0.00531*Speed ~ =0.4595-0.00531*56.78 =0.1582
Crash Cost ($/VMT) =-0.22+0.005612*Speed ~ =-0.22+0.005612%56.78 =0.0986
Emission Cost ($/VMT) =0.2037+0.000013*Speed = 0.2037+0.000013*56.78 =0.2038

Note: In 1990 constant dollars, based in an earlier Indiana study, Li and Sinha (2003)

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =0.3784*67,276*0.934miles*365 = $8,678,627.14
Annual Travel Time Cost =0.1582*67,276*0.934miles*365 = $3,628,326.67
Annual Vehicle Crash Cost =0.0986*67,276*0.934miles*365 = $2,261,397.03
Annual Vehicle Air Emission Cost  |=0.2038*67,276*0.934miles*365 = $4,674,165.46
Total $19,242,516.30

2.3 Additional Input Parameters
Annual User Cost Gradient 1y, 1>, 13, 14: 2%
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2.4 Base Case Life-Cycle User Cost Calculation

Bridge Type

Computation

Steel Truss

User Cost
Profile

|€————— Steel Truss Bridge Service Life-Cycle ——— 3|

P\VLCUC

= (C avar(1-(1+1) s (1+ i) ))/(Ger)

H(C avca(1-(141) &8 (1 i) SOGr))(1H) |
H((C avcs(1-(141) Y (1+ iy CO))Gn))(1+)

+ ((C aves (1-(141) T+ iy T/ (G- )/ (1) |

=(19,242,516.30 (1-(1+2%) > (1+ 4% ) ®))/(4%-3%)

+((19,242,516.30 (1-(1+2%) 42 (1+ 4% ) ")) 4%-2%))/(1+4%) *
+((19,242,516.30 (1-(14+2%) 4 (1+4%) C40))/( 4%-2%))/(1+4%) *°
+((19,242,516.30 (1-(1+2%) % (1+ 4%) )/ (4%-2%))/ (1+4%)
=557,278,148.56

P\VLCUCoo

= PWcuc/(1-(1/(1+)"))
=557,278,148.56/(1-(1/(1+4%)))
=582,551,764.29

EUAUC

= PWycue (1) H((1+)-1))
= 557,278,148.56 ((4%(1+4%)™)/(1+4%)¥-1))
=23,302,070.57

EUAUC,,

=PWicucel
=582,551,764.29*%4%=23,302,070.57
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3. Alternative Case Deterministic Life-Cycle Agency Cost Analysis with Early Termination
3.1 Determination the Reduction in Bridge Useful Service Life
No. Type Case o Reduction
1 If (UnitPC< |a. (Unit Deck Rehab Cost  |(Unit Deck Rehab Cost-Unit y=0*(t;-0)
Unit Deck Rehab|-Unit Project Cost)/Unit Project Cost)/Unit Deck Rehab
Cost) Deck Rehab Cost <=0.5 Cost
b. 0.33((Unit Deck Rehab  [0.33((Unit Deck Rehab Cost -Unit
Cost -Unit Project Cost)/Unit Project Cost)/Unit Deck Rehab
Deck Rehab Cost ) <=0.5  |Cost)
c. ((Unit Deck Rehab Cost  |((Unit Deck Rehab Cost
+Grenab)-Unit Project +Gdrenab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab Cost|Deck Rehab Cost
<=0.5
d. ((Unit Deck Rehab Cost  |((Unit Deck Rehab Cost
+2Ggrenab)-Unit Project +2Ggrenab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab Cost|Deck Rehab Cost
<=0.5
e. ((Unit Deck Rehab Cost  |((Unit Deck Rehab Cost
+3Ggrenan)-Unit Project +3Ggrenan)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab Cost|Deck Rehab Cost
<=0.5
f. Otherwise 0.5
2 If (Unit Deck  |a. (Unit Deck Rehab Cost  |(Unit Deck Rehab Cost +Unit y=0*(tp- t;)
Rehab< Unit |+Unit Deck Replacement |Deck Replacement Cost)-Unit
PC < (Unit Deck [Cost)-Unit Project Project Cost)/(Unit Deck Rehab
Rehab + Unit  |Cost)/(Unit Deck Rehab Cost|Cost +Deck Replacement Cost)
Deck +Deck Replacement Cost)
Replacement) ) [<=0.5
b. 0.33((Unit Deck Rehab  [0.33((Unit Deck Rehab Cost +Unit
Cost +Unit Deck Deck Replacement Cost)-Unit
Replacement Cost)-Unit Project Cost)/ (Unit Deck Rehab
Project Cost)/ (Unit Deck  |Cost +Deck Replacement Cost))
Rehab Cost +Deck
Replacement Cost)) <=0.5
¢. ((Unit Deck Rehab Cost + |((Unit Deck Rehab Cost +
OarehabTUnIt  Deck GarenayTUnit  Deck Replacement
Replacement Cost+0rep)-Unit Project Cost)/
Cost+64rep)-Unit Project (Unit Deck Rehab Cost+ Gyrepan
Cost)/ (Unit Deck Rehab  |[+Deck Replacement Cost+ Gerep))
Cost+ Ogrena TDeck
Replacement Cost+
Ouep))<=0.5
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d. ((Unit Deck Rehab Cost +
204rehayTUnit - Deck
Replacement
Cost+264rep)-Unit Project
Cost)/ (Unit Deck Rehab
Costt 26 grenap TDeck
Replacement Cost+
204rep))<=0.5

e. (Unit Deck Rehab Cost +
30drehab+Unit Deck
Replacement
Cost+30ep)-Unit Project
Cost)/ (Unit Deck Rehab
Cost+ 36 grenap TDeck
Replacement Cost+
30rep))<=0.5

f. Otherwise

((Unit Deck Rehab Cost +
264enaptUnit  Deck Replacement
Cost+20¢rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 26rehan
+Deck Replacement Cost+ 26;ep))

((Unit Deck Rehab Cost +
364renabtUnit  Deck Replacement
Cost+364rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 36 grehan
+Deck Replacement Cost+ 3G;ep))

0.5

If (Unit Deck
Rehab + Unit
Deck
Replacement)<U
nit PC > (Unit
Deck Rehab +
Unit Deck
Replacement +
Unit Deck
Rehab)

a. (Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)-Unit Project
Cost)/(Unit Deck Rehab Cost
+Deck Replacement Cost
+Unit Deck Rehab Cost)
<=0.5

b. 0.33((Unit Deck Rehab
Cost +Unit  Deck
Replacement Cost +Unit
Deck Rehab Cost)-Unit
Project Cost)/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. ((Unit Deck Rehab Cost
+04rehabtUnit  Deck
Replacement
Cost+64rptUnit Deck Rehab
Cost+Ggenan)-Unit Project
Cost)/(Unit Deck Rehab
Costt Ogrenay TDeck
Replacement Cost + Grep
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)-Unit Project
Cost)/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33((Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)-Unit Project
Cost)/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost))

((Unit Deck Rehab Cost
+64enaptUnit  Deck Replacement
Cost+oge,tUnit Deck Rehab
Cost+Ggrenan)-Unit Project
Cost)/(Unit Deck Rehab Cost+
Garehab TDeck Replacement Cost +
Garep TUnIt Deck Rehab Cost+

Gdrehab )

y=a*(t3- t)
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d. ((Unit Deck Rehab Cost
+204rehayTUnit  Deck
Replacement
Cost+264,Unit Deck
Rehab Cost+26enap)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 264eha, TDeck
Replacement Cost + 26 ep
+Unit Deck Rehab Cost+
2Gdrehab ) <=0.5

e. ((Unit Deck Rehab Cost
+3Gdrehab+Ul’lit Deck
Replacement
Cost+3045e,tUnit Deck
Rehab Cost+36enay)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 36 4rena, +Deck
Replacement Cost + 3Gep
+Unit Deck Rehab Cost+
3Gdrehab ) <=0.5

f. otherwise

((Unit Deck Rehab Cost
+204enaptUnit  Deck Replacement
Cost+264:,tUnit Deck Rehab
Cost+2G grenan)-Unit Project
Cost)/(Unit Deck Rehab Cost+

26 4enab TDeck Replacement Cost +
264rep TUnit Deck Rehab Cost+
2Grehab )

((Unit Deck Rehab Cost
+364enaptUnit  Deck Replacement
Cost+364r,tUnit Deck Rehab
Cost+30renay)-Unit Project
Cost)/(Unit Deck Rehab Cost+
364enay TDeck Replacement Cost +
364rep +Unit Deck Rehab Cost+
3Gdrehab )

0.5

If Unit
PC>(Unit Deck
Rehab + Unit
Deck Unit
Replacement +
Deck Rehab)

a. (-(Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)+Unit Project
Cost))/(Unit Deck Rehab
Cost +Deck Replacement
Cost +Unit Deck Rehab
Cost) <=0.5

b. 0.33(-(Unit Deck Rehab
Cost +Unit Deck
Replacement Cost +Unit
Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. (-(Unit Deck Rehab Cost
+04rehayTUnit  Deck
Replacement
Cost+64rptUnit Deck Rehab
Cost+Grenan)+(Unit Project
Cost))/(Unit Deck Rehab
Cost+ Ggrenap TDeck

(-(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)+Unit Project
Cost))/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33(-(Unit Deck Rehab Cost
+Unit Deck Replacement Cost
+Unit Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck Rehab
Cost +Deck Replacement Cost
+Unit Deck Rehab Cost))

(~(Unit Deck Rehab Cost
+G4enayTUnit  Deck Replacement
Cost+64rptUnit Deck Rehab
Cost+Gyrenap)+(Unit Project
Cost))/(Unit Deck Rehab Cost+
Garehab TDeck Replacement Cost +
Oarep TUnit Deck Rehab Cost+

y=0*(T- t;)
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Replacement Cost + Grep Glrehab )
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

d. (-(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost

+264reharytUnit  Deck +264enaptUnit  Deck Replacement
Replacement Cost+264r,tUnit Deck Rehab
Cost+2064e,+Unit Deck Cost+2 G grenan)+(Unit Project

Rehab Cost+26 enap)+H(Unit  |Cost))/(Unit Deck Rehab Cost+
Project Cost))/(Unit Deck  [2G4enay TDeck Replacement Cost +
Rehab Cost+ 264ena TDeck |264, TUnit Deck Rehab Cost+
Replacement Cost + 264rep | 2Gdrehab )

+Unit Deck Rehab Cost+
2Gdrehab ) <=0.5

€. (<(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost

+304renaytUnit  Deck +364enaptUnit  Deck Replacement
Replacement Cost+304eptUnit Deck Rehab
Cost+30¢e,tUnit Deck Cost+304enab)H(Unit Project

Rehab Cost+36ena)H(Unit  [Cost)/(Unit Deck Rehab Cost+
Project Cost)/(Unit Deck 3G arenab TDeck Replacement Cost +
Rehab Cost+ 364ena TDeck |34, TUnit Deck Rehab Cost+
Replacement Cost + 3G4rep  |3Gareha )

+Unit Deck Rehab Cost+
3Gdrehab ) <=0.5

f. otherwise 0.5

32 Project Timing
Unit Project Cost = ((3,390,000)/(1+4%)')/20714.4) = $106.31 (1990$/ft*)

Unit Deck Rehabilitation Cost = $62.019 (1990$/ft)

Type I: Unit Project Cost > Unit Deck Rehabilitation Cost, Not Applicable

Type II:

Unit Deck Rehabilitation Cost < Unit Project Cost < Unit Deck Rehabilitation Cost+ Unit Deck Replacement
Cost, Applicable

Case a: ((Unit Deck Rehab Cost +Unit Deck Replacement Cost)-Unit Project Cost))/ (Unit Deck Rehab Cost
+Deck Replacement Cost +Unit Deck Rehab Cost) <=0.5

o= ((62.019+124.04)-106.31)/ (62.019+124.04)

a=0.43 (<=0.5), OK

y = o*(tp- t;) = 0.43*%(40-25) = 7 Years

Base Year =2001-33 = 1968

3.3 Conversion of Construction Estimate into 1990 Constant Dollars
DOllaI'zo()o = DOHaI']ggO (1+1) 2001-1990

Dollaryee = 3,390,000/(1+4%)""

Dollarggp = $2,202,079.35
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3.4 Bridge Maintenance Gradient Adjustment
It was assumed that the annual routine maintenance cost would increase in a faster pace for the period after
project implementation as

g's= (g5 + 5%*(1+ 2,)* - 1) = 4.334%
g= (g3 + 5%*(1+ g3) - 1) = 8.469%

3.5 Project-Related Agency Cost Items in 1990$

Agency Cost Item Unit Cost (1990$/ft%) Project-Related Cost (1990%)
Project Cost - 2,202,079.35
Construction 348.25 =348.25*%20714.4 =7,213,789.80
Deck Rehabilitation 62.019 =62.019*%20714.4 = 1,284,686.37
Deck Replacement 124.04 =124.04%*20714.4 = 2,569,414.18
Maintenance Cost - = (2.5%%*7,213,789.80)/80 =2254.31

First Year Annual Maintenance Cost = (2.5%*Construction Cost)/(Base Case Life in years)

3.6 Alternative Case Deterministic Life-Cycle Agency Cost Calculation

Bridge

Type Computation

Ceon

Agency
Cost
Profile

TTPPC
(/UL(.A REH2

\
\
——>»Corck rEH
\
\
\

N
0 =25 =33 =158 T=73 Year
l€&—— Steel Truss Bridge Service Life-Cycle —

= Ccon+Cprck remi/(141) +PC/(141)+ C peck remp/(1+)"
HCyana(1-(1+gy) s (1+1) ))(i-g))

H(Cumana(1-(1+g2) ) (14 1) ) (i-go))/(14) §

Steel Truss H((Cumana(1-(1+ g73) &8 (1+ 1) CO)Y/(G- g73)/(1+H) &
Bridge H(Cuana(1-(1+ g7) T (14 1) T (- 7)1+

PWicac  |=7,213,789.80+1,284,686.37/(1+4%)>+2, 202,079.36/(1+4%)*
+1,284,686.37/(1+4%)>®

+(2254.31 (1-(1+3%) * (1+ 4% ) ®)(4%-3%)

+((2254.31 (1-(1+3%) T2 (1+ 4% ) SNV 4%-3%))/(1+4%) >
+((2254.31(1-(1+4.334%) 53 (1+4%) 533))/(4%4.334%%))/( 1+4%)**
+((2254.31(1-(148.469%) ¥ (1+4%) 75%))/(4%-8.469%))/( 1+4%)*
=8,506,025.26

= PW_cac ((i(1+H))/((1+)"-1))
EUAAC |- 8,506,025.26((4%(1+4%)")/((1+4%)"-1))
=360,841.76
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4. Alternative Case Deterministic Life-Cycle User Cost Analysis with Early Termination
4.1 Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1968

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/ [(1+2%) **] = 67,276 (An annual growth rate of 2%)

4.2 Project-Related Base Year User Costs
Vehicle Operating Cost ($/VMT) = 0.3784

Travel Time ($/VMT) =0.1582

Crash ($/ VMT) =0.0986

Emission ($/VMT) =0.2038

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =0.3784*67,276*0.934miles*365 = $8,678,627.14
Annual Travel Time Cost =(0.1582*67,276*0.934miles*365 = $3,628,326.67
Annual Vehicle Crash Cost =0.0986*67,276*0.934miles*365 = $2,261,397.03
Annual Vehicle Air Emission Cost  |=0.2038*67,276*0.934miles*365 = $4,674,165.46
Total $19,242,516.30

43 Additional Input Parameters

Annual User Cost Gradient 1y, 12: 2%

It was assumed that the costs of annual vehicle operating costs, travel time, vehicle crashes, and vehicle
emissions would increase in a faster pace for the period after project implementation as

r’3 — (I.3 + 5%*(1+ rz)(33-25)— 1) = 2858%
ra4: (r4 + 5%*(1-‘,— r3)(33_25)- 1) = 5203%
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4.4 Alternative Case Deterministic Life-Cycle User Cost Calculation

Bridge
Type

Computation

Steel Truss

User Cost
Profile

0 =25 =33 =58 T=73 Year
|€————— Steel Truss Bridge Service Life-Cycle ———3p|

PWLCUC

= (C avcr(1-(1+r) \(1+ 1 ) V)/(G1y)

H(C avca(1-(1412) 8 (141 Y O)Gr))(1H) |

H(C aves(1-(1+ 1°3) & (1+1 Y )G 3))(1+H) -

H(C aves (1-(1+ 1) T (141 ) TG ra))(1+)

= (19,242,516.30 (1-(1+2%) (1+ 4% Y *))/(4%-2%)

+((19,242,516.30 (1-(142%) 2 (1+ 4% ) @)/ 4%-2%))/(1+4%) *
+((19,242,516.30 (142.858%%) %3 (1+4%) 539))/( 4%-2.858%))/(1+4%) **
+((19,242,516.30 (1-(145.203%) 7% (14 4%) 7¥))/( 4%-5.203%))/(1+4%) >
=564,316,892.21

EUAUC

=PWicuc ((((1+0) )/(1+)-1))
=564,316,892.21 ((4%(1+4%))/((1+4%)"-1))
=23,939,395.24

147



5. Computation of Project Life-Cycle Overall Benefits in Perpetuity

Only consider early termination in useful service life in the first life-cycle and the typical service life-cycle as in
the base case will follow for the rest of cycles into perpetuity. The justification is that the bridge system
manager will always try to upkeep the typical life-cycle activity profile that warrants the lowest life-cycle
agency and user costs. If the first life-cycle was not completed as the typical profile, s/he will make every effort
to follow the typical life-cycle activity profile in subsequent cycles in order to achieve the lowest total

life-cycle costs.

Case Computation
Agency Cost EE EE EE g
Proﬁle *0 ¢T ?1' ?T — In Perpetuity
€ SLC,= T >|€SLC,= T-p|€ SLC=T p}& SLC,=T
Base Case: User Cost ; ? * ;
No Early Profile 0 T 2T T In Perpetuity
Termination [ SLC = T I€-SLC,= TP« SLC=T i SLC=T
PWicacso™ PWicac/ (1 '(1/ (1 ‘H)T))
= 8,403,486.02 /(1-(1/(1+4%)")) = 8,784,599.97
Present Worth
PWicucaso™ PW_cuc/ (1 '(1/ (1 ‘H)T))
=557,278,148.56 /(1-(1/(1+4%)*)) = 582,551,764.29
gency Cos ‘
Proﬁle *0 $T1 ?ﬁT 1¢+2T — In Perpetuity
[4SLC,= T p}€= SLC,=T >|€—SLC,= T} SLC,=T
User Cost g § g g
Proﬁle *0 $T1 ?ﬁT 1¢+2T In Perpetuity
[4SLC,= T €~ SLC,=T | €~ SLC;= TPl SLC,= T
PWicaco1= PWicac HPWcac/(1-(1/(1+) )))/(1+)
= 8,506,025.26 +(8,403,486.02/(1(1/(1+4%)™)))/(1+4%)"
Early =9,007,545.22
Termination |Present Worth
in Cycle 1 PWcuce,= PWicuci HPWrcue/(1-(1/ (I‘H)T)))/ (1+i)T‘
= 564,316,892.21+557,278,148.56(/(1(1/(1+4%)80)))/(1+4%)73
=597,575,246.32
Agency Benefits: PWag= PWicace 1-PWicacxo
=9,007,545.22 - 8,784,597.78 = 222,945.24
User Benefits: PWUB: PWLCUCoo,l'PWLCUCoo,O
Base Case =597,575,246.32 - 582,551,764.29
Benefits =15,023,482.03
Overall Benefits: PWg=PW5+PWyp
=222,945.24 +15,023,482.03
=15,246,427.27
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II. Project Life-Cycle Benefit Analysis Incorporating Risk

Input factors considered for risk-based analysis include bridge agency costs of construction, maintenance, and
rehabilitation; traffic growth rates; and discount rates. Monte Carlo simulations were simultaneously
performed for those factors using Beta distributions. In this case study, 10 simulation runs and each run with
1,000 iterations were used. For each input factor involving risk consideration, the grand average was
established based on the average values of 10 simulation runs and each of which was determined in accordance
with the 1,000 iteration outcomes.

In the end, the grand average values for all factors considered for probabilistic risk analysis were used for
computing the expected project life-cycle benefits incorporating risk. The analytical procedure used is identical
to that for deterministic life-cycle benefit analysis.

It should be noted that the analysis incorporating risk is essentially an analysis under mixed case of certainty
and risk. This is because apart from the agency costs, traffic growth rates, and discount rate, the remaining
input factors such as useful service life and project size are still treated under certainty.

1. Base Case Life-Cycle Agency Cost Analysis Incorporating Risk
1.1 Unit Costs for Steel Truss Bridge Activities (1990$/ft))
a. Simulation Inputs
Cost Item u o L H o4 o | COV
Deck Expenditure 62.019| 42.00 | 0.10 |387.00| 2.39 [4.50| 68%

Superstructure Expenditure ~ [109.617| 82.00 0.20372.00] 2.39 [4.50| 75%
Substructure Expenditure 114.597 92.00] 0.10 372] 2.39 14.50] 80%
Surface Expenditure 62.019| 42.00 | 0.10 |387.00] 2.39 14.50| 68%

Note:

Construction Cost = Deck Expenditure + Superstructure Expenditure
+ Substructure Expenditure + Surface Expenditure

Deck Rehabilitation = Deck Expenditure

Deck Replacement = Deck Expenditure + Surface Expenditure

b. Average Values from Simulation Outputs

Cost Item Unit Cost (1990$/ft")
Deck Expenditure 130.45
Superstructure Expenditure 129.34
Substructure Expenditure 130.62
Surface Expenditure 135.46

1.2. Agency Cost Items for Base Case Life-Cycle Agency Cost Analysis

Agency Cost Item Project-Related Cost (19908)
Construction = 525.87 *20,714.40 = 10,893,081.53
Deck Rehabilitation =130.45 *20,714.40=2,702,193.48
Deck Replacement =265.91 *20,714.40 = 5,508,166.10
Maintenance = (0.025* 10,893,081.53)/80= 3404.08
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1.3 Additional Input Factors
a. Simulation Inputs

Cost Item U o L H oy o COoV
Discount Rate i 4.00% | 1.00% | 3.00% | 5.00% | 4.50 | 4.50 | 25%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g; 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g4 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%

b. Average Values from Simulation Outputs

Discount Rate:

4.01%

Annual Maintenance Gradient g;, g, g3, g4: 2.998%

1.4 Base Case Life-Cycle Agency Cost Calculation Using Average Values from Simulation

Bridge
Type

Computation

Agency
Cost Profile

t3= 65 T=80 Year
l€«—— Steel Truss Bridge Service Life-Cycle —

S -'% C(‘O\
1
1
1
|
\
\
\
\
\
> Corck reti
\
Cprck rep
—> Coic ren

T
[
153

i
I
(=]

Steel Truss
Bridge PW_cac

=Ccon +Cprck rent/(1+1) +PC/(1+) '+ C prek reno/(14H)'s
HCuani(1-(14g))  (1+1 ) ))/(i-g1)

H(Cvama(1-(14g2) 1 (141 Y ) (G-g)V(1+)
H(Cran(1-(1+ g3) & (1+ 1 ) D))= ga))/(1+H) -
((Cuama(1-(1+ g) T (1+ 1) T)/G- ga))/(1+)

=10,893,081.53+2,702,193 48/(1+4.01%)*
+5,508,166.10/(1+4.01%)*
+2,702,193.48/(1+4.01%)

+(3404.08 (1-(142.998%) % (1+4.01% Y *))/( 4.01%-2.998%)
+((3404.08 (1-(142.998%) “29 (1+4.01%) “4*>))/
(4.01%-2.998%))/(1+4.01%) >

+((3404.08 (1-(1+2.998%) 9 (1+4.01%) )y
(4.01%-2.998%))/(1+4.01%) *°

+((3404.08 (1-(1+2.998%) ®¥9 (1+4.01%) ®*6y)/
(4.01%-2.998%))/(1+4.01%)%

= 13, 365,800.29

= PWicac/(1-(1/(1+)))

PWicace |=13,365,800.29 /(1-(1/(1+4.01%)%))
=13,967,110.90
= PWicac (((1+))/(1+)'-1))

EUAAC  |=13,365,800.29.((4.01%(1+4.01%)*)/((1+4.01%)*-1))
= 560,081.15

EUAAC,, |=PWicace.i=13,965,727.00¥4.01% = 560,081.15
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2. Base Case Life-Cycle User Cost Analysis
2.1 Basic Data

Let Fiscal Year: 2001
Average Daily Traffic Year: 1992
Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(1+2.011%)""] = 86,926 (An annual growth rate of 2.011% as

the average of simulation outputs)

2.2 Project-Related Base Year User Cost Calculation
Vehicle Operating Cost ($/VMT) = 0.3784

Travel Time ($/VMT) =0.1582

Crash ($/ VMT) =0.0986

Emission ($/VMT) =0.2038

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =0.3784*86,926 *0.934miles*365 = $11,213,483.90
Annual Travel Time Cost =0.1582%86,926 *0.934miles*365 = $4,688,089.73
Annual Vehicle Crash Cost =(0.0986*86,926 *0.934miles*365 = $2,921,906.75
Annual Vehicle Air Emission Cost |=0.2038%86,926 *0.934miles*365 = $6,039,397.51
Total $24,862,877.89

2.3 Additional Input Parameters
a. Simulation Inputs
Cost Item u o L H oy o (60)%
Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient 1, 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr; | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientry | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 1y, 13, 14: 1.9959%
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2.4 Base Case Life-Cycle User Cost Calculation Using Average Values from Simulation

Bridge Type

Computation

Steel Truss
Bridge

User Cost
Profile

|€————— Steel Truss Bridge Service Life-Cycle ——— 3|

P\VLCUC

= (C avar(1-(1+ry) (14 1 ) ))/(i-ny)

+(C avca(1-(1412) 8 (141 ) SO (1H)
H((C avcs(1-(1413) 8 (141 Y D)) /(1H)
H((C avcs (1-(1+r) T (11 ) T (Grg) (1)

= (24,862,877.89 (1-(1+1.9959%) > (1+ 4.01% ) *°))/(4%-1.9959%)
+((24,862,877.89 (1-(1+1.9959%) “** (1+ 4.01% )
“029))/(4.01%-1.9959%))/(1+4.01%) *
+((24,862,877.89 (1-(1+1.9959%) 49 (1+4.01%)
(65-400y)/(4.01%-1.9959%))/(1+4.01%) *°
+((24,862,877.89 (1-(1+1.9959%) % (1+ 4.01%)
®0-69))/(4.01%-1.9959%))/(1+4.01%) ©
=718,104,044.70

P\VLCUCoo

= PWycuc/(1-(1/(1+)"))
=718,104,044.70 /(1-(1/(1+4.01%)*))
=750,410,646.36

EUAUC

= PWycue ((i(1+) H((1+)'-1))
= 718,104,044.70((4.01%(1+4.01%)*)/((1+4.01%)¥-1))
=30,091,466.92

EUAUC,

=PW_ycucwi = 750,410,646.36 *4.01% = 30,091,466.92
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3. Alternative Case Life Cycle Agency Cost Analysis with Early Termination
3.1 Determination of the Reduction in Bridge Useful Service Life
No. Type Case o Reduction
1 If (Unit PC < |a. (Unit Deck Rehab Cost |(Unit Deck Rehab Cost-Unit y=a*(t;-0)
Unit Deck -Unit Project Cost)/Unit  |Project Cost)/Unit Deck Rehab
Rehab Cost) Deck Rehab Cost <=0.5 Cost
b. 0.33((Unit Deck Rehab |0.33((Unit Deck Rehab Cost -Unif]
Cost -Unit Project Project Cost)/Unit Deck Rehab
Cost)/Unit Deck Rehab Cost)
Cost ) <=0.5
¢. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+Ggrenab)-Unit Project +Ggrenab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostiDeck Rehab Cost
<=0.5
d. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+26 drehab)-Unit Project +26 drehab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostiDeck Rehab Cost
<=0.5
e. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+30drenab)-Unit Project +30drenan)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostDeck Rehab Cost
<=0.5
f. Otherwise 0.5
2 If ( Unit Deck |a. (Unit Deck Rehab Cost  |(Unit Deck Rehab Cost +Unit y=0*(tp- t;)
Rehab< Unit |+Unit Deck Replacement |Deck Replacement Cost)-Unit
PC < (Unit Deck{Cost)-Unit Project Project Cost)/(Unit Deck Rehab
Rehab + Unit  |Cost)/(Unit Deck Rehab Cost +Deck Replacement Cost)
Deck Cost +Deck Replacement
Replacement) ) [Cost) <=0.5
b. 0.33((Unit Deck Rehab [0.33((Unit Deck Rehab Cost
Cost +Unit Deck +Unit Deck Replacement
Replacement Cost)-Unit  [Cost)-Unit Project Cost)/ (Unit
Project Cost)/ (Unit Deck [Deck Rehab Cost +Deck
Rehab Cost +Deck Replacement Cost))
Replacement Cost)) <=0.5
¢. ((Unit Deck Rehab Cost +H((Unit Deck Rehab Cost +
OarehabTUnit  Deck OarehabTUnit  Deck Replacement
Replacement Cost+64ep)-Unit Project Cost)/
Cost+04rep)-Unit Project (Unit Deck Rehab Cost+ Grenab
Cost)/ (Unit Deck Rehab  |[+Deck Replacement Cost+ Ggrep))
Cost+ Ogrenay TDeck
Replacement Cost+
Gurep)) <=0.5
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d. ((Unit Deck Rehab Cost +
26 4rehaytUnit  Deck
Replacement
Cost+264rep)-Unit Project
Cost)/ (Unit Deck Rehab
Cost+ 20 4renap TDeck
Replacement Cost+
2Gdrep))<20' 5

e. ((Unit Deck Rehab Cost +
3Gdrehab+Ul’lit Deck
Replacement
Cost+304rep)-Unit Project
Cost)/ (Unit Deck Rehab
Cost+ 36 4renab TDeck
Replacement Cost+

3 Gdrep))<:0- 5

f. Otherwise

((Unit Deck Rehab Cost +
204renabTUnit  Deck Replacement
Cost+204rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 26 4rehab
+Deck Replacement Cost+

2Gdrep))

((Unit Deck Rehab Cost +
364renabtUnit  Deck Replacement
Cost+364rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 36 4renab
+Deck Replacement Cost+

3 Gdrep))

0.5

If (Unit Deck
Rehab + Unit
Deck
Replacement)<
Unit PC > (Unit
Deck Rehab +
Unit Deck
Replacement +
Unit Deck
Rehab)

a. (Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)-Unit Project
Cost)/(Unit Deck Rehab
Cost +Deck Replacement
Cost +Unit Deck Rehab
Cost) <=0.5

b. 0.33((Unit Deck Rehab
Cost +Unit  Deck
Replacement Cost +Unit
Deck Rehab Cost)-Unit
Project Cost)/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. ((Unit Deck Rehab Cost
+0grenabTUnit  Deck
Replacement
Cost+0greptUnit Deck
Rehab Cost+6yepay)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 6 genap TDeck
Replacement Cost + Grep
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)-Unit Project
Cost)/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33((Unit Deck Rehab Cost
+Unit Deck Replacement Cost
+Unit Deck Rehab Cost)-Unit
Project Cost)/(Unit Deck Rehab
Cost +Deck Replacement Cost
+Unit Deck Rehab Cost))

((Unit Deck Rehab Cost
+04enaytUnit  Deck Replacement
Costt+6o4eptUnit Deck Rehab
Cost+Ggrenap)-Unit Project
Cost)/(Unit Deck Rehab Cost+
Garehab TDeck Replacement Cost +
Garep TUnit Deck Rehab Cost+

Gdrehab )

y=a*(t3- t)
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d. ((Unit Deck Rehab Cost
+204rehaytUnit  Deck
Replacement
Cost+264reptUnit Deck
Rehab Cost+26grenap)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 264enap TDeck
Replacement Cost + 26 rep
+Unit Deck Rehab Cost+
26drehalb ) <=0.5

e. ((Unit Deck Rehab Cost
+3 Gdrehab+Unit Deck
Replacement
Cost+304rep+Unit Deck
Rehab Cost+36grenan)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 364ena +Deck
Replacement Cost + 36rep
+Unit Deck Rehab Cost+

3 Gdrehab ) <=0.5

f. otherwise

((Unit Deck Rehab Cost
+204rehaytUnit  Deck
Replacement Cost+26ep,+Unit
Deck Rehab Cost+26 grenap)-Unit
Project Cost)/(Unit Deck Rehab
Cost+ 264enap TDeck Replacement
Cost + 264, TUnit Deck Rehab
Cost+ chrehab )

((Unit Deck Rehab Cost

+3 Gdrehab+Unit Deck
Replacement Cost+364e,+Unit
Deck Rehab Cost+36grenap)-Unit
Project Cost)/(Unit Deck Rehab
Cost+ 364renay TDeck Replacement]
Cost + 364, TUnit Deck Rehab
Cost+ 3Gdlrehab )

0.5

If Unit
PC>(Unit Deck
Rehab + Unit
Deck Unit
Replacement +
Deck Rehab)

a. (-(Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)+Unit Project
Cost))/(Unit Deck Rehab
Cost +Deck Replacement
Cost +Unit Deck Rehab
Cost) <=0.5

b. 0.33(-(Unit Deck Rehab
Cost +Unit Deck
Replacement Cost +Unit
Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. (-(Unit Deck Rehab Cost
+04renabTUnit  Deck
Replacement
Cost+ogreptUnit Deck
Rehab Cost+ogenay)+(Unit
Project Cost))/(Unit Deck
Rehab Cost+ 64enap TDeck

(-(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)+Unit Project
Cost))/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33(-(Unit Deck Rehab Cost
+Unit Deck Replacement Cost
+Unit Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck Rehab
Cost +Deck Replacement Cost
+Unit Deck Rehab Cost))

(-(Unit Deck Rehab Cost
+04enabtUnit - Deck Replacement
Cost+ogreptUnit Deck Rehab
Cost+Ggrenay)+(Unit Project
Cost))/(Unit Deck Rehab Cost+
Gdrehab TDeck Replacement Cost +
Oarep TUnit Deck Rehab Cost+

y=0*(T- t;)
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Replacement Cost + Garep | Odrehab )
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

d. (-(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost
+264renapTUnit  Deck +2064renapTUnit  Deck
Replacement Replacement Cost+26e,+Unit
Cost+204rep+Unit Deck Deck Rehab Cost+26 grenap)+H(Unit
Rehab Cost+26renan)H(Unit |Project Cost))/(Unit Deck Rehab
Project Cost))/(Unit Deck [Costt+ 264enay TDeck Replacement
Rehab Cost+ 264renay TDeck|Cost + 264, +Unit Deck Rehab
Replacement Cost + 264,  |COst+ 26 drehab )

+Unit Deck Rehab Cost+
2'Gdrehab ) <=0.5

e. (<(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost
+364renabtUnit  Deck +3064renabtUnit  Deck
Replacement Replacement Cost+364rep+Unit
Costt+304reptUnit Deck Deck Rehab Cost+3064renap)+(Unit
Rehab Cost+364renay)H(Unit [Project Cost)/(Unit Deck Rehab
Project Cost)/(Unit Deck  [Cost+ 36 4enay TDeck Replacement
Rehab Cost+ 364ehay TDeck|Cost + 364, +Unit Deck Rehab
Replacement Cost + 364,  |COSt+ 3G arehan )

+Unit Deck Rehab Cost+
3 Gdrehab ) <=0.5

f. otherwise 0.5

32 Project Timing
Unit Project Cost = (3,390,000.00 / (1+4.01%)“/20,714.40)= $106.20 (1990$/ft2)

Unit Deck Rehabilitation Cost = $130.45 (1990$/ft%)

Type I: Unit Project Cost <Unit Deck Rehabilitation Cost, Applicable

Case a:

o = (((Unit Deck Rehabilitation Cost)- Unit Project Cost )/ (Unit Deck Rehabilitation Cost)
=((130.45)- 106.20)/130.45=0.185 < 0.5

y = a*(t;-0) = 0.185*%(25-0) = 4.64 = 5 years

Base Year =2001 - 20 = 1981

33 Conversion of Construction Estimate into 19903 Value

Dollar,gg = Dollar;gg (1+i) 22"
Dollarise = 3,390,000/(1+4.01%)"" = $2,199,751.58

34 Bridge Maintenance Gradient Adjustment
g2= (g +3.33%*(1+ g)®”- 1)  =5.68%
g'3= (g +3.33%*(1+ g) 7% 1) =4.855%
g4= (g4 +3.33%*(1+ g) - 1) =6.637%
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3.5 Project-Related Agency Cost Items Using Average Values from Simulation

Agency Cost Item Unit Cost (1990$/ft") Project-Related Agency Cost
Project Cost - 2,199,751.58
Construction 525.87 = 525.87 *20,714.40 = 10,893,081.53
Deck Rehabilitation 130.45 = 130.45 *20,714.40=2,702,193.48
Deck Replacement 26591 =265.91 *20,714.40 = 5,508,166.10
Maintenance - =(0.025%217,839,747.6)/80=3404.08

3.6 Alternative Case Life-Cycle Agency Cost with Early Termination Using Average Values from

Simulation
Bridge .
Type Computation
S
Agency A S
Cost Profile ____,/'?_ ______ _:[ _______ ,{ _____ |
0 - ' =20 =235 6= 60 T=175 Year
le—— Steel Truss Bridge Service Life-Cycle —
:CCON +PC/ ( 1 +i)lx +CDREP/ ( 1 +i)lz +CDREH2/ ( 1 +i)tz
HCmama (1-(1+g) s (A+1) ))/(-g1)
H(Cuama(1-(1+ g*2) 0 (141 ) )/ g2))(1+H)
H(Cuama(1-(1+ g73) & (1+1 Y CVG- g3)/(1+H)
H(Cwama(1-(1+ g) T (141 )y T (G- ga))/(1+)
Steel Truss
Bridge =10, 893,081.53+2, 199,751.58

/(144.01%)*+5,508,166.10/(1+4.01%)**
PWicac  [+2,702,193.48/(1+4.01%)%

+(3404.08 (1-(142.998%) % (1+4.01%) *°))/ (4.01%-2.998%)
+((3404.08 (1-(1+5.68%) ®>27 (1+4.01%) 3520y
(4.01%-5.68%))/(1+4.01%) *°
+((3404.08  (1-(1+4.855%) 3 (1+4.01%) )y
(4.01%-4.855%))/(1+4.01%) *

+((3404.08 (1-(146.637%) "0 (1+4.01%) 750y
(4.01%-6.637%))/(1+4.01%)%°

= 13,654,838.15

= PWicac ((i(14))/((1+)'-1))
EUAAC  |=13,654,838.15 .((4.01%(1+4.01%)”)/((1+4.01%)"-1))
=577,840.39
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4, Alternative Case Life-Cycle User Cost Analysis with Early Termination Using Average Values from

Simulation
4.1 Basic Data
Let Fiscal Year: 2001

Average Daily Traffic Year: 1992
Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(14+2.011%)''] = 86,926 (An annual growth rate of 2.011% as

the average of simulation outputs)

4.2 Project-Related Base Year User Cost Calculation
Vehicle Operating Cost ($/VMT)= 0.3784

Travel Time ($/VMT) =0.1582

Crash ($/ VMT) =0.0986

Emission ($/VMT) =0.2038

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost =(0.3784%86,926 *0.934miles*365 = $11,213,483.90
Annual Travel Time Cost =0.1582%86,926 *0.934miles*365 = $4,688,089.73
Annual Vehicle Crash Cost =0.0986*86,926 *0.934miles*365 = $2,921,906.75
Annual Vehicle Air Emission Cost |= 0.2038%86,926 *0.934miles*365 = $6,039,397.51
Total $24,862,877.89

4.3 Additional Input Parameters
a. Simulation Inputs

Cost Item u o L H o 0y Cov
Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient 1, 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient r3 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry: 1.9959%

ry= (1 +3.33%*(1+ 1)>0- 1) =3.608%

r’3=(r;+3.33%*(1+ 1‘2)(35-20)‘ 1) =3.143%
ry= (1, +3.33%*(1+ 1) - 1) =4.122%
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4.4 Alternative Case Life-Cycle User Cost Calculation with Early Termination Using Average Values

from Simulation

Bridge Type

Computation

Steel Truss
Bridge

User Cost
Profile

t= tr= t;= T=75 Year

| Steel Truss Bridge Service Life-Cycle ——n———3p|

P\NLCUC

= (C avc1(1-(1+r) ' (141 ) Y))/(i-1))

H(C avc2(1-(1+ ) &0 (141 )y OG- o)1)
H(C aucs(1-(1+ r'3) 2 (1+1 Y )= 3))(1+H)"
H(C aves A1+ 09 TV A+ 1)y TOYG-r))(1H)

= (24,862,877.89 (1-(1+1.9959%) % (1+ 4.01% ) **))/(4%-1.9959%)
+((24,862,877.89 (1-(1+3.608%)) G520) (14 4.01% ) 320y
(4.01%-3.608%))/(1+4.01%)

+((24,862,877.89 (1-(1+3.143%) 35 (1+4.01%) 39y,
(4.01%-3.143%))/(1+4.01%) *

+((24,862,877.89(1-(1+4.122%) ">V (14 4.01%) 7>y,
(4.01%-4.122%))/(1+4.01%) ©°

= 729,430,638.39

EUAUC

=PW_cyce ((i(1+H) )(1+)'-1))
=729,430,638.39((4.01%(1+4.01%))/((1+4.01%)>-1))
=30,867,775.95
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Computation of Expected Project Life-Cycle Overall Benefits in Perpetuity

Case Computation
Agency Cost g g g §§
PrOﬁle +O ¢T 2. ?I' — In Perpetuity
[ SLC,= T>HSLC;= T->€ SLC-T Dl SLCT
ser Cos
Base Case: |Profile T0 ¢T ?T ?T In Perpetuity
No Early [ SLC/= T->{«-SLC,~ T-P|«€ SLC:=T —ple SLC,~T
Termination PWicacmo= PWread/(1-(1/(1+) 1))
=13,365,800.29 /(1-(1/(1+4.01%)™))
=13,967,110.90
Present Worth

PW_cucwo= PWrcue/(1-(1/(1+i)1)
=718,104,044.70 /(1-(1/(1+4.01%)%°))

=750,410,646.36
Agel’lcy Cost f ¢ $ * In Perpetuity
0 T, T+T T +2T ...

Proﬁle [4SLC = T}~ SLC,=T »|€—SLC;= TD|€ SLC,=T

s S S Q
N ] g 3
& = = =
User Cost A A X X |
Profile 0 T ToT T In Perpetuity

[4SLC,= T »|€= SLC,=T >l €—SLC;= T D€ SLC,=T

PWecaco1= PWicaciHPWrcac/(1-(1/(1+) ))/(1+)
=13,654,838.15
+(13,365,800.29/(1(1/(1+4.01%)%%)))/(1+4.01%) "

= 14,386,776.24

Early Present Worth

Termination
in Cycle 1

PW_cuca = PWicuerH(PWicud/(1-(1/(1+)))/(1+)"
=729,430,638.39
+(718,104,044.70/(1(1/(1+4.01%)*)))/(1+4.01%) 7
= 768,755,459.80

Agency Beneﬁts: PWAB: PWLCACoo,l'PWLCACoo,O
=14,386,776.24 - 13,967,110.90
=419,665.34

User Benefits:  PWyg=PWLcucw1-PWircucso
ga;egtase =768,755,459.80 - 750,410,646.36
e =18,344,813.42

Overall Benefits: PWg=PWg+PWygp
=419,665.34 +18,344,813.42
=18,764,478.76
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II1. Project Life-Cycle Benefit Analysis under Certainty, Risk and Uncertainty

It the process of conducting risk-based analysis of project benefits, it was found that benefits items
associated with agency costs, vehicle operating costs, and vehicle emission costs were with relatively
smaller magnitude of variations. Whereas travel time and crash costs changed considerably in multiple
simulation runs. As such, travel time and crash costs were further selected for uncertainty-based analyses.

For each project, the project benefits resulted from reduction in agency costs, vehicle operating costs, and
vehicle emission costs were kept the same as those of risk-based analyses. The benefits concerning
reduction in travel time and vehicle crashes were computed using uncertainty-based analyses. The
individual benefit items were added together to arrive at the overall project life-cycle benefits under
certainty, risk, and uncertainty.

1. Base Case Life-Cycle Agency Cost Analysis Incorporating Risk

1.1 Unit Costs for Steel Bridge Activities (1990$/ft)

a. Simulation Inputs

Cost Item u o L H oy o | COV

Deck Expenditure 62.019| 42.00 | 0.10 |387.00| 2.39 | 4.50] 68%
Superstructure Expenditure  [109.617| 82.00 | 0.20 [372.00| 2.39 | 4.50| 75%
Substructure Expenditure 114.597] 92.00 | 0.10 |372.00| 2.39 | 4.50| 80%
Surface Expenditure 62.019| 42.00 | 0.10 [387.00] 2.39 | 4.50] 68%

b. Average Values from Simulation Outputs

Cost Item Unit Cost (19908/ft")
Deck Expenditure 130.45
Superstructure Expenditure 129.34
Substructure Expenditure 130.62
Surface Expenditure 135.46

1.2. Agency Cost Items for Base Case Life-Cycle Agency Cost Analysis

Agency Cost Item Project-Related Cost (19908)
Construction =525.87 *20,714.40 = 10,893,081.53
Deck Rehabilitation =130.45 *20,714.40=2,702,193.48
Deck Replacement =265.91 *20,714.40 = 5,508,166.10
Maintenance = (0.025* 217,839,747.6)/80= 3404.08
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1.3 Additional Input Factors

a. Simulation Inputs

Cost Item u o L H oy o COoV
Discount Rate i 4.00% | 1.00% | 3.00% | 5.00% | 4.50 | 4.50 | 25%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g, 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g3 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%
Annual Maintenance Gradient g4 3.00% | 1.00% | 1.00% | 5.00% | 4.50 | 4.50 | 33%

b. Average Values from Simulation Outputs

Discount Rate:

4.01%

Annual Maintenance Gradient g;, g, g3, g4: 2.998%

1.4 Base Case Life-Cycle Agency Cost Calculation Using Average Values from Simulation

Bridge
Type

Computation

Agency
Cost Profile

S -'% C(‘O\
]
1
1
|
\
1
1
\
\
= Cpck rem
\
(/UL(.I\ REP
) C DECK REH:
1
1
\
\
\
\

T
[
153

i
I
(=]

i
N
wn

2 T=80 Year
l€«—— Steel Truss Bridge Service Life-Cycle —

Steel Truss
Bridge PW_cac

= Ccon+Cprck rent/(11+1) +PC/(1+) '+ C prek rera/(1+) s
HCymami(1-(1+gy) '\ (1+1 ) ))/(G-g1)

H(Cvama(1-(14g2) S (141 Y ) (G-g)V(1+)
H(Cran(1-(1+ g3) & (1+ 1 ) D))= ga))/(1+H) -
A((Cuama(1-(1+ g) T (141 ) T)/G- ga))/(1H+)

=10,893,081.53+2,702,193.48/(1+4.01%)*
+5,508,166.10/(1+4.01%)*
+2,702,193.48/(1+4.01%)

+(3404.08 (1-(1+2.998%) % (1+4.01% Y **))/( 4.01%-2.998%)
+((3404.08 (1-(1+2.998%) “02 (1+4.01%) “**))/
(4.01%-2.998%))/(1+4.01%) *

+((3404.08 (1-(1+2.998%) 9 (1+4.01%) )y
(4.01%-2.998%))/(1+4.01%)*°

+((3404.08 (1-(1+2.998%) ®¥9 (1+4.01%) ®*6y)/
(4.01%-2.998%))/(1+4.01%)%

=13,365,800.29

= PWicac/(1-(1/(1+)))

PWicace |=13,365,800.29 /(1-(1/(1+4.01%)%))
=13,967,110.90
= PWicac (((1+))/(1+)'-1))

EUAAC  |=13,365,800.29((4.01%(1+4.01%)*)/((1+4.01%)*-1))
=560,081.15

EUAAC,, |=PWicace.i=13,965,727.00¥4.01% = 560,081.15
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2. Base Case Life-Cycle Vehicle Operating Costs and Emission Costs under Risk
2.1 Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(1+2.011%)""] = 86,926 (An annual growth rate of 2.011% as

the average of simulation outputs)

2.2 Project-Related Base Year User Cost Calculation
Vehicle Operating Cost ($/VMT): 0.3784
Emission Cost ($/VMT): 0.2038

User Cost Item Annual Cost (1990%/year)
Annual Vehicle Operating Cost  [= 0.3784*%86,926 *0.934miles*365 = $11,213,483.90
Annual Vehicle Air Emission Cost [= 0.2038*86,926 *0.934miles*365 = $6,039,397.51
Total $17,252,881.41

2.3 Additional Input Parameters
a. Simulation Inputs
Cost Item u c L H o oy COoVv
Annual Traffic Growth Rater | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient 1, 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient 13 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradientr, | 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, 13, 140 1.9959%
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2.4 Calculation of Base Case Life-Cycle Vehicle Operating Costs and Emission Costs Using Average

Values from Simulation

Bridge

Type Computation

User Cost

0
Profile
|€———————— Steel Truss Bridge Service Life-Cycle —n—3p|

= (Cavar(1-(14ry) (141 ) ))/(-n)

H(C avca(1-(1+1) 1 (14 1) CO)/Er))(1+) |

H(C aves(1-(1+13) 4 (141 ) S/ (G-r))/(1+H)

+((C aues (1-(1+1) TV (141 Y TN (Grg))/(1H)
=(17,252,881.41(1-(1+1.9959%) * (1+ 4.01% ) *))/(4%-1.9959%)
PWycoe +((17,252,881.41(1-(1+1.9959%) “ (1+ 4.01% ) “*)y/
Steel Truss (4.01%-1.9959%))/(1+4.01%) *

Bridge +((17,252,881.41  (1-(1+1.9959%) 49 (1+4.01%) )/
(4.01%-1.9959%))/(1+4.01%) *°
+((17,252,881.41(1-(1+1.9959%) % (1+ 4.01%) >y
(4.01%-1.9959%))/(1+4.01%) ©°

=498,307,717.12

=PWocuc/(1-(1/(140) "))

t,=4 t;= T=80 Year

=

PWicues | 498,307,717.12/(1-(1/(1+4.01%))) = 520,725,957.26
= PWicuc (((1+))/((1+)'-1))

EUAUC =498.307,717.12((4.01%(1+4.01%)*)/((1+4.01%)*-1))
=20,881,110.89

EUAUC, | PWicucsd

= 520,725,957.26*4.01% = 20,881,110.89
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3. Base Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty
3.1 Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(1+1.63%)"'] = 90,579 (An annual growth rate of 1.63% as the

average of simulation outputs)

32 Project-Related Base Year User Cost Calculation

Travel Time ($/VMT) =0.1582
Crash ($/ VMT) =0.0986
User Cost Item Annual Cost (19908/year)
Annual Travel Time Cost =0.1582%90,579 *0.934miles*365 = $4,885,103.19
Annual Vehicle Crash Cost =0.0986*90,579 *0.934miles*365 = $3,044,697.69
Total 7,929,800.88

3.3 Additional Input Parameters
a. Simulation Inputs

Cost Item u o L H oy o Ccov
Discount Rate i 4.00% | 1.00% [3.00% |5.00% | 4.50 4.50 25%
Annual Traffic Growth Rater | 2.00% | 1.00% |1.00% |[3.00% | 4.50 4.50 50%
Annual User Cost Gradient r; 2.00% 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% 1.00% |1.00% [3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |1.00% |3.00% | 4.50 4.50 50%

b. Average Values from Simulation Outputs
Discount Rate i: 4.01%
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, 13, r4: 1.9959%

c. Values Adjusted from Simulation Using Penalty Rules for Uncertainty-Based Analysis
Cost Item Average, Xig)|  XspL Xsrg Tolerance (AX) X

Discount Rate i 4.01% 5.00% | 3.00% |20% of u=4.00% | 4.17%
Annual Traffic Growth Rate r 2.011% 1.00% | 3.00% |39% of u=2.00% | 1.63%
Annual User Cost Gradient r; 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
Annual User Cost Gradient r, 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
Annual User Cost Gradient r3 1.9959% 1.00% | 3.00% |39% of un=2.00% | 1.64%
Annual User Cost Gradient r4 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%

165



Penalty Rule:

X&) if ‘XSFL'X(E)‘ <AX
. 2l X
If more is better, X=7 *srL , otherwise
[HAX/Xg)]
X, if ‘XSFL'X(D‘ =AX
. 2l x
If less is better, X=7_ *spL otherwise
[LHAX/ X))

- For discount rate i, less is better.
Since |Xgrr - Xg)| = 15% - 4.01%| = 0.99% > AX =20%*4% = 0.8%
Xi = Xsr/[1HAX/ X)) = 5%/[1+0.8%/ 4.01%] = 4.17%

- For annual traffic growth rate », more is better.
Since |Xsrr - Xg)| = [1% - 2.011%| = 1.011% > AX =39%*2% = 0.78%
Xi = Xsr/[1-AX/ Xg)] = 1%/[1- (0.78%/ 2.011%)] = 1.63%

- For annual user cost gradients ry, 1, 13, more is better.
Since |Xsrr - Xg)| = [1% - 1.995%| = 0.995% > AX =39%*2% = 0.78%
X = Xpp = Xis=Xsr /[ 1-AX/ X)) = 1%/[1- (0.78%/ 1.995%)] = 1.64%

Note:
1. The AX’s are set as per the preference of the decision-maker. In addition, r, 1}, 15, 13, and r4 could also be
thought of less is better in some cases. In so doing, the adjusted values for r would be 3%/[1+ (0.78%/
2.011%)] =2.16% and for 1y, 1, 13, and 14, would be 3%/[1+ (0.78%/ 1.995%)] = 2.16% instead.

2. The adjusted values for discount rate i = 4.17%, for annual traffic growth rate r = 1.63%, and for annual
user cost gradients 1y, 12, 13, and 1, = 1.64% were used as inputs for uncertainty-based analysis.
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34 Calculation of Base Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty

Bridge

Type Computation

User Cost

=2 =4 =06 T=80 Year
Profile 0 ' '
|&——————— Steel Truss Bridge Service Life-Cycle ——— 3]

= (Caver(1-(14ry) ' (1+1) D)/(i-n)

H(C avca(1-(141) 5 (14 1) COYGr)) (1) |

H(C aves(1-(1+13) 2 (141 ) S Grs))(1+H)

H((C avcs (1-(1+) T (141 ) TG (14

= (7,929,800.88 (1-(1+1.64%) >(1+ 4.17% ) *°))/(4.17%-1.64%)
+((7,929,800.88 (1-(1+1.64%) “**) (1+ 4.17% ) 40>y
(4.17%-1.64%))/(1+4.17%) >

Truss +((7,929,800.88 (1-(1+1.64%) @40 (1+4.17%) ¢4y
Bridge (4.17%-1.64%))/(1+4.17%)*°

+((7,929,800.88 (1-(1+1.64%) 7% (1+ 4.17%) ®*yy/
(4.17%-1.64%))/(1+4.17%) ©°

=213,609,916.30

Steel |PWicue

= PWycuc/(1-(1/(1+)"))
PWicuce  |=213,609,916.30/(1-(1/(1+4.17%)%))
= 222,063,969.29

= PWycue ((i(1+) H((1+)'-1))
EUAUC  |=213,609,916.30((4.17%(1+4.17%)*)/((1+4.17%)*-1))
=9,260,067.52

EUAUC,  |=PW|cycw.i= 222,063,969.29*4.17%= 9,260,067.52

4. Base Case Life-Cycle User Cost Calculation

Bridge ;
Type Computation
PW =PWLrcvocee + PWiertve
Leve =498,307,717.12 + 213,609,916.30 =711,917,633.42
=PWLrcvocece T PWiertives
%ﬁesls PWicucs = 520,725,957.26 + 222,063,969.29 = 742,789,926.55
X = EUAvocec TEUALcrrve
Bridge |EUAUC =20,881,110.89 + 9.260,067.52 = 30,141,178.41
=EBUA | cvooece + EUALcTVES
EUAUC, =20,881,110.89 + 9,260,067.52 = 30,141,178.41
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5. Alternative Case Life Cycle Agency Cost Analysis with Early Termination
5.1 Determination of the Reduction in Bridge Useful Service Life
No. Type Case o Reduction
1 |If (Unit PC < |a. (Unit Deck Rehab Cost |(Unit Deck Rehab Cost-Unit y=a*(t;-0)
Unit Deck -Unit Project Cost)/Unit  |Project Cost)/Unit Deck Rehab
Rehab Cost) Deck Rehab Cost <=0.5 Cost
b. 0.33((Unit Deck Rehab |0.33((Unit Deck Rehab Cost -Unif]
Cost -Unit Project Project Cost)/Unit Deck Rehab
Cost)/Unit Deck Rehab Cost)
Cost ) <=0.5
¢. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+Ggrenab)-Unit Project +Ggrenab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostiDeck Rehab Cost
<=0.5
d. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+26 drehab)-Unit Project +26 drehab)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostiDeck Rehab Cost
<=0.5
e. ((Unit Deck Rehab Cost |((Unit Deck Rehab Cost
+30drenab)-Unit Project +30drenan)-Unit Project Cost)/Unit
Cost)/Unit Deck Rehab CostDeck Rehab Cost
<=0.5
f. Otherwise 0.5
2 |If (Unit Deck |a. (Unit Deck Rehab Cost |(Unit Deck Rehab Cost +Unit y=0*(tp- t;)
Rehab< Unit |+Unit Deck Replacement |Deck Replacement Cost)-Unit
PC < (Unit Deck{Cost)-Unit Project Project Cost)/(Unit Deck Rehab
Rehab + Unit  |Cost)/(Unit Deck Rehab Cost +Deck Replacement Cost)
Deck Cost +Deck Replacement
Replacement) ) [Cost) <=0.5
b. 0.33((Unit Deck Rehab [0.33((Unit Deck Rehab Cost
Cost +Unit Deck +Unit Deck Replacement
Replacement Cost)-Unit  [Cost)-Unit Project Cost)/ (Unit
Project Cost)/ (Unit Deck [Deck Rehab Cost +Deck
Rehab Cost +Deck Replacement Cost))
Replacement Cost)) <=0.5
¢. ((Unit Deck Rehab Cost H((Unit Deck Rehab Cost +
OarehabTUnit  Deck OarehabTUnit  Deck Replacement
Replacement Cost+64ep)-Unit Project Cost)/
Cost+04rep)-Unit Project (Unit Deck Rehab Cost+ Grenab
Cost)/ (Unit Deck Rehab  |[+Deck Replacement Cost+ Ggrep))
Cost+ Ogrenay TDeck
Replacement Cost+
Gurep)) <=0.5
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d. ((Unit Deck Rehab Cost +
26 4rehaytUnit  Deck
Replacement
Cost+264rep)-Unit Project
Cost)/ (Unit Deck Rehab
Cost+ 20 4renap TDeck
Replacement Cost+
2Gdrep))<20' 5

e. ((Unit Deck Rehab Cost +
3Gdrehab+Ul’lit Deck
Replacement
Cost+304rep)-Unit Project
Cost)/ (Unit Deck Rehab
Cost+ 36 4renab TDeck
Replacement Cost+

3 Gdrep))<:0- 5

f. Otherwise

((Unit Deck Rehab Cost +
204renabTUnit  Deck Replacement
Cost+204rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 26 4rehab
+Deck Replacement Cost+

2Gdrep))

((Unit Deck Rehab Cost +
364renabtUnit  Deck Replacement
Cost+364rep)-Unit Project Cost)/
(Unit Deck Rehab Cost+ 36 4renab
+Deck Replacement Cost+

3 Gdrep))

0.5

If (Unit Deck
Rehab + Unit
Deck
Replacement)<
Unit PC > (Unit
Deck Rehab +
Unit Deck
Replacement +
Unit Deck
Rehab)

a. (Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)-Unit Project
Cost)/(Unit Deck Rehab
Cost +Deck Replacement
Cost +Unit Deck Rehab
Cost) <=0.5

b. 0.33((Unit Deck Rehab
Cost +Unit  Deck
Replacement Cost +Unit
Deck Rehab Cost)-Unit
Project Cost)/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. ((Unit Deck Rehab Cost
+0grenabTUnit  Deck
Replacement
Cost+0greptUnit Deck
Rehab Cost+6yepay)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 6 genap TDeck
Replacement Cost + Grep
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)-Unit Project
Cost)/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33((Unit Deck Rehab Cost
+Unit Deck Replacement Cost
+Unit Deck Rehab Cost)-Unit
Project Cost)/(Unit Deck Rehab
Cost +Deck Replacement Cost
+Unit Deck Rehab Cost))

((Unit Deck Rehab Cost
+04enaytUnit  Deck Replacement
Costt+6o4eptUnit Deck Rehab
Cost+Ggrenap)-Unit Project
Cost)/(Unit Deck Rehab Cost+
Garehab TDeck Replacement Cost +
Garep TUnit Deck Rehab Cost+

Gdrehab )

y=a*(t3- t)
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d. ((Unit Deck Rehab Cost
+204rehaytUnit  Deck
Replacement
Cost+264reptUnit Deck
Rehab Cost+26grenap)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 264enap TDeck
Replacement Cost + 26 rep
+Unit Deck Rehab Cost+
26drehalb ) <=0.5

e. ((Unit Deck Rehab Cost
+3 Gdrehab+Unit Deck
Replacement
Cost+304rep+Unit Deck
Rehab Cost+36grenan)-Unit
Project Cost)/(Unit Deck
Rehab Cost+ 364ena +Deck
Replacement Cost + 36rep
+Unit Deck Rehab Cost+

3 Gdrehab ) <=0.5

f. otherwise

((Unit Deck Rehab Cost
+204rehaytUnit  Deck
Replacement Cost+26ep,+Unit
Deck Rehab Cost+26 grenap)-Unit
Project Cost)/(Unit Deck Rehab
Cost+ 264enap TDeck Replacement
Cost + 264, TUnit Deck Rehab
Cost+ chrehab )

((Unit Deck Rehab Cost

+3 Gdrehab+Unit Deck
Replacement Cost+364e,+Unit
Deck Rehab Cost+36grenap)-Unit
Project Cost)/(Unit Deck Rehab
Cost+ 364renay TDeck Replacement]
Cost + 364, TUnit Deck Rehab
Cost+ 3Gdlrehab )

0.5

If Unit
PC>(Unit Deck
Rehab + Unit
Deck Unit
Replacement +
Deck Rehab)

a. (-(Unit Deck Rehab Cost
+Unit Deck Replacement
Cost +Unit Deck Rehab
Cost)+Unit Project
Cost))/(Unit Deck Rehab
Cost +Deck Replacement
Cost +Unit Deck Rehab
Cost) <=0.5

b. 0.33(-(Unit Deck Rehab
Cost +Unit Deck
Replacement Cost +Unit
Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck
Rehab Cost +Deck
Replacement Cost +Unit
Deck Rehab Cost)) <=0.5

¢. (-(Unit Deck Rehab Cost
+04renabTUnit  Deck
Replacement
Cost+ogreptUnit Deck
Rehab Cost+ogenay)+(Unit
Project Cost))/(Unit Deck
Rehab Cost+ 64enap TDeck

(-(Unit Deck Rehab Cost +Unit
Deck Replacement Cost +Unit
Deck Rehab Cost)+Unit Project
Cost))/(Unit Deck Rehab Cost
+Deck Replacement Cost +Unit
Deck Rehab Cost)

0.33(-(Unit Deck Rehab Cost
+Unit Deck Replacement Cost
+Unit Deck Rehab Cost)+Unit
Project Cost))/(Unit Deck Rehab
Cost +Deck Replacement Cost
+Unit Deck Rehab Cost))

(-(Unit Deck Rehab Cost
+04enabtUnit - Deck Replacement
Cost+ogreptUnit Deck Rehab
Cost+Ggrenay)+(Unit Project
Cost))/(Unit Deck Rehab Cost+
Gdrehab TDeck Replacement Cost +
Oarep TUnit Deck Rehab Cost+

y=0*(T- t;)
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Replacement Cost + Garep | Odrehab )
+Unit Deck Rehab Cost+
Gdrehab ) <=0.5

d. (-(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost
+264renapTUnit  Deck +2064renapTUnit  Deck
Replacement Replacement Cost+26e,+Unit
Cost+204rep+Unit Deck Deck Rehab Cost+26 grenap)+H(Unit
Rehab Cost+26renan)H(Unit |Project Cost))/(Unit Deck Rehab
Project Cost))/(Unit Deck [Costt+ 264enay TDeck Replacement
Rehab Cost+ 264renay TDeck|Cost + 264, +Unit Deck Rehab
Replacement Cost + 264,  |COst+ 26 drehab )

+Unit Deck Rehab Cost+
2'Gdrehab ) <=0.5

e. (<(Unit Deck Rehab Cost |(-(Unit Deck Rehab Cost
+364renabtUnit  Deck +3064renabtUnit  Deck
Replacement Replacement Cost+364rep+Unit
Costt+304reptUnit Deck Deck Rehab Cost+3064renap)+(Unit
Rehab Cost+364renay)H(Unit [Project Cost)/(Unit Deck Rehab
Project Cost)/(Unit Deck  [Cost+ 36 4enay TDeck Replacement
Rehab Cost+ 364ehay TDeck|Cost + 364, +Unit Deck Rehab
Replacement Cost + 364,  |COSt+ 3G arehan )

+Unit Deck Rehab Cost+
3 Gdrehab ) <=0.5

f. otherwise 0.5

5.2 Project Timing
Unit Project Cost = (3,390,000.00/(1+4.01%)“/20,714.40)= $106.20 (1990$/ft2)

Unit Deck Rehabilitation Cost = $ 130.45 (1990$/ft*)

Type I: Unit Project Cost <Unit Deck Rehabilitation Cost, Applicable

Case a:

o = (((Unit Deck Rehabilitation Cost)- Unit Project Cost )/ (Unit Deck Rehabilitation Cost)
= ((130.45)- 106.20)/130.45= 0.185 < 0.5

y = a*(t;-0) = 0.185*(25-0) = 4.64 = 5 years
Base Year = 2001 — 20 = 1981
5.3 Conversion of Construction Estimate into 1990$ Value

Dollar,gg = Dollarggq (1+1)*' %
Dollarie = 3,390,000/(1+.0401)" =$2,199,751.58

54 Bridge Maintenance Gradient Adjustment
gh= (2 +3.33%*(1+ g)®" 1) =5.68%
g=(gz +3.33%*(1+ 2)**- 1)  =4.855%
gla= (g +3.33%*(1+ g3) - 1) =6.637%
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5.5 Project-Related Agency Cost Items Using Average Values from Simulation

Agency Cost Item Unit Cost (19908/ft%) Project-Related Agency Cost

Project Cost - 2,199,751.58

Construction 525.87 =525.87 *20,714.40 = 10,893,081.53

Deck Rehabilitation 130.45 =130.45 *20,714.40=2,702,193.48

Deck Replacement 26591 =265.91 *20,714.40 = 5,508,166.10

Maintenance - =(0.025*10,893,081.53)/80= 3404.08

5.6 Alternative Case Life-Cycle Agency Cost with Early Termination Using Average Values from
Simulation
B;;iie Computation
Agency = A S
CostProﬁle'[ __,f’? __,,I ___,{ -

E— 1_,:_25 - 12_: ;5- - == ;0_ - T=175 Year
l€«—— Steel Truss Bridge Service Life-Cycle —
:CCON +PC/ ( 1 +i)tl +CDREP/ ( 1 +i)tz +CDREH2/ ( 1 +i)t3
HCwana (1-(1+g) \(1+1 Y ))(-g1)
H(Cumana(1-(1+ g°2) & (141 )y D))/ g))/(1+)
H(Crama(1-(1+ g°3) ) (141 ) C))G- g 3))(1+)
H(Caama(1-(1+ g7 T (141 ) TO)/(G- @)1+

Steel Truss

Bridge =10, 893,081.53+2, 199,751.58

/(144.01%)*+5,508,166.10/(1+4.01%)*
PWicac  [+2,702,193.48/(1+4.01%)%

+(3404.08(1-(142.998%) 2 (1+4.01%) )/ (4.01%-2.998%)
+((3404.08(1-(1+5.68% 29 (1+4.01%) ©>2))/
(4.01%-5.68%))/(1+4.01%) *°
+((3404.08(1-(1+4.855%) 3 (1+4.01%) 39y
(4.01%-4.855%))/(1+4.01%) *
+((3404.08(1-(1+6.637%) 70 (1+4.01%) ">y
(4.01%-6.637%))/(1+4.01%)%°
= 13,654,838.15

= PWicac (((1+) )/((1+)'-1))
EUAAC  |=13,654,838.15((4.01%(1+4.01%)")/((1+4.01%)*-1))
= 577,840.39
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6. Alternative Case Life-Cycle Vehicle Operating Costs and Emission Costs under Risk
6.1 Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(1+2.011%)""] = 86,926 (An annual growth rate of 2.011% as

the average of simulation outputs)

6.2 Project-Related Base Year User Cost Calculation
Vehicle Operating Cost ($/VMT): 0.3784

Emission Cost ($/VMT): 0.2038
User Cost Item Annual Cost (19908/year)
Annual Vehicle Operating Cost =(0.3784*86,926 *0.934miles*365 = $11,213,483.90
Annual Vehicle Air Emission Cost |= 0.2038*%86,926 *0.934miles*365 = $6,039,397.51
Total $17,252,881.41

6.3 Additional Input Parameters
a. Simulation Inputs
Cost Item i o L H o oy COoV
Annual Traffic Growth Rate r 2.00% |1.00% | 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient r; 2.00% |1.00%| 1.00% | 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient r, 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient r3 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%
Annual User Cost Gradient 14 2.00% |1.00% | 1.00% 3.00% | 4.50 | 4.50 50%

b. Average Values from Simulation Outputs
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 1, 13, 14: 1.9959%

r',=( 1, + 3.33%*(1+ ;) 1) =3.608%
r'3=( 13+ 3.33%*(1+ 1) - 1) =3.143%
r4=( 14 + 3.33%*(1+ ;) **3- 1) =4.122%
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6.4 Calculation of Alternative Case Life-Cycle Vehicle Operating Costs and Emission Costs Using

Average Values from Simulation

Bridge Type Computation

User Cost

Profile 0
|€&—————— Steel Truss Bridge Service Life-Cycle ———— 3]

= =3 =06 T=75 Year

= (C aver(1-(14ry) L (1+1 ) )/(iry)

H(C avca(1-(1+ 1) & (11 Y OG- o)1) |

H(C aves(1-(1+ r°5) & (11 Y SO 3))(1+H)

H((C avca (1-(1+4) T (141 ) TO)G- £0))/(1+)

Steel Truss = (17,252,881.41 (1-(1+1.9959%) *°(1+ 4.01% ) **))/(4%-1.9959%)

Bridge PWycuc +((17,252,881.41( 1-(1+3.608%)) G520 (1+ 4.01% y F20)y/
(4.01%-3.608%))/(1+4.01%)

+((17,252,881.41(1-(1+3.143%) 39 (1+4.01%) %))/

(4.01%-3.143%))/(1+4.01%) **

+((17,252,881.41(1-(1+4.122%) 39 (1+ 4.01%) 7>y

(4.01%-4.122%))/(1+4.01%) ®°

=506,167,482.13

= PWycye ((i(1+) )((1+)'-1))
EUAUC =506,167,482.13((4.01%(1+4.01%)*)/((1+4.01%)*-1))
=21,419,808.28
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7. Alternative Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty
7.1 Basic Data

Let Fiscal Year: 2001

Average Daily Traffic Year: 1992

Average Daily Traffic Count: 108,210

Project Base Year: 1981

Project Length: 0.934 miles

Highway Classification: Urban Interstate

Average Speed: 56.78 mph

Base Year AADT: 108,210/[(1+1.63%)"'] = 90,579 (An annual growth rate of 1.63% as the

average of simulation outputs)

72 Project-Related Base Year User Cost Calculation
Vehicle Operating Cost ($/VMT) = 0.3784

Travel Time ($/VMT) =0.1582
Crash (§/ VMT) =0.0986
Emission ($/VMT) =0.2038
User Cost Item Annual Cost (1990%/year)
Annual Travel Time Cost =0.1582%90,579 *0.934miles*365 = $4,885,103.19
Annual Vehicle Crash Cost =(.0986%*90,579 *0.934miles*365 = $3,044,697.69
Total 7,929,800.88

7.3 Additional Input Parameters
a. Simulation Inputs
Cost Item u o L H oy o CcCov
Discount Rate i 4.00% | 1.00% [3.00% |5.00% | 4.50 4.50 25%
Annual Traffic Growth Rater | 2.00% | 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradient r; 2.00% 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr; | 2.00% 1.00% |1.00% |3.00% | 4.50 4.50 50%
Annual User Cost Gradientr, | 2.00% | 1.00% |1.00% |3.00% | 4.50 4.50 50%

b. Average Values from Simulation Outputs

Discount Rate i: 4.01%
Annual Traffic Growth Rate r: 2.011%
Annual User Cost Gradient ry, 15, 13, 14: 1.9959%
r'=( 1, + 3.33%*(1+ 1) - 1) =2.920%
'5=( 13 + 3.33%*(1+ 1,)*>2°- 1) =2.560%
r's=( 14+ 3.33%*(1+ r3) "3 1) =3311%
c. Values Adjusted from Simulation Using Penalty Rules for Uncertainty-Based Analysis
Cost Item Average, X@g)|  XspL XsrG Tolerance (AX) X
Discount Rate i 4.01% 5.00% | 3.00% |20% of p=4.00% | 4.17%

Annual Traffic Growth Rate r 2.011% 1.00% | 3.00% |39% of n=2.00% | 1.63%
Annual User Cost Gradient r; 1.9959% 1.00% | 3.00% |39% of n=2.00% | 1.64%
Annual User Cost Gradient r, 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
Annual User Cost Gradient r3 1.9959% 1.00% | 3.00% |39% of un=2.00% | 1.64%
Annual User Cost Gradient ry 1.9959% 1.00% | 3.00% |39% of u=2.00% | 1.64%
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7.4 Calculation of Alternative Case Life-Cycle Travel Time and Vehicle Crash Costs under Uncertainty

Bridge Type

Computation

Steel Truss
Bridge

User Cost
Profile

= T= 80 Year

=

|€——————— Steel Truss Bridge Service Life-Cycle ——3p|

P\VLCUC

=(C vt (=) (1 1) )

H(C auca(1-(1+ 1) ) (141 ) SO r)(1+) |
H(C aves(1-(1+ T3) &8 (14 1Y SO r3))(14)
H(C s (1-(1+ ) T (141 OG- P )1+

=(7,929,800.88 (1-(1+1.64%) % (1+ 4.17% Y *))(4.17%-1.64%)
+((7,929,800.88 (1-(1+2.920%%) *2 (1+ 4.17% ) F20))/
(4.17%-2.920%%))/(1+4.17%)*°

+((7,929,800.88 (1-(1+2.560%) 39 (1+4.17%) 32/
(4.17%-2.560%))/(1+4.17%) >

+((7,929,800.88 (1-(1+3.311%) "% (1+ 4.17%) 70yy/
(4.17%-3.311%))/(1+4.17%) ©

=215,479,142.15

EUAUC

= PWicuc (((1+) )/((1+)'-1))
=215,479,142.15((4.17%(1+4.17%)¥)/((1+4.17%)¥-1))
=9,425,640.73

8. Alternative Case Life-Cycle User Cost Calculation

Bridge
Type

Computation

Steel PWLCUC

=PWrcvocre T PWicrtve
=506,167,482.13+215,479,142.15 = 721,646,624.28

Truss

Bridge |EUAUC

=EBUAvockc + EUALcTve
=21,419,808.28 +9,425,640.73 = 30,845,449.01
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Computation of Project Life-Cycle Overall Benefits in Perpetuity

Case

Computation

Base Case:
No Early
Termination

Agency Cost
Profile

> PV, cuc

PW,,
= » LCAC
> PWycac

In Perpetuity

3T

SLC;=T €& SLC,=T

$'21’

§

N

Q
A
0

[€=SLC\= T->{€SLC,= T

User Cost
Profile

> PW.cuc

> PWicue

F» PWcue

In Perpetuity

1S3
g
2
A
0 2T 3T

T
|€=SLC,= T>|€SLC,= T->|€ SLC=T & SLC,=T

Present Worth

PWicacw o™ PWreac/(1-(1/(1 "’i)T))
= 13,365,800.29 /(1-(1/(1+4.01%)*")) = 13,967,110.90
PWLcucwo™ PWLCUC(VOC+VAE)/ (1-(1/(1 +i)T))
+ PWicucvrrvee/(1-(1/(1+)1))
=498,307,717.12 /(1(1/(1+4.01%)%°))
+213,609,916.30/(1(1/(1+4.17%)))
= 520,725,957.26 + 222,063,969.29 = 742,789,926.55

Early
Termination
in Cycle 1

Agency Cost
Profile

CAC

In Perpetuity

o> PWecac
»PWL(‘AF
> PWyc
> PW,,

T, T T T 42T ...
[4SLC|= T P} SLC,=T €~ SLC,= T € SLC,=T

User Cost
Profile

In Perpetuity

o> PWicue
+ WIF( c
> PWycue
»PWLCL(

T, T+T T+2T ...
[4SLC = T >~ SLC,=T —»{€-SLC;= T SLC,= T

Present Worth

PWicacsi= PWrcaciH(PWicac/(1-(1/(1+) )))/(1+)
=13,654,838.15 +(13,365,800.29/(1(1/(1+4.01%)%°)))/(1+4.01%)"
= 14,386,776.24

PWLCUCoo,l: PWLCUCI(VOC+VAE)

+HPW cucvocsvar/(1-(1L/(1+) ))/(1+)
+*PWLcucivrrvee)
HPWycucvrrveey/(1-(L(1T+H))))(A+H)T
=506,167,482.13

+498,307,717.12 (1/(L(1/(1+4.17%)))/(1+4.17%)%)
+215,479,142.15

+213,609,916.30 (/(1(1/(1+4.01%)7)))/(1+4.01%)*)
= 533,455,814.67 + 225,849,130.93
=759,304,945.60

Base Case
Benefits

Agency Benefits: PW 5= PW cacw1 - PWicacso
=14,386,776.24 - 13,967,110.90
=419,665.34

PWus= PWicuce,1 - PWicucwo
=759,304,945.60 - 742,789,926.55
=16,515,019.15

Overall Benefits: PWg=PW 5+ PWyp

=419,665.34 +16,515,019.15
=16,934,684.49

User Benefits:
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IV. Analysis Summary
1. Basic Input Data
a. Analysis under Certainty

Data Item AC VOC TT VC EC
Project Cost 2,202,079.35
Construction Cost 7,213,789.80
Deck Rehabilitation Cost 1,284,686.37
Deck Replacement Cost 2,569,414.18
Annual Routine Maintenance 225431
BM Gradient g, g5, g3, g4/ 3'000? /
BM Gradient g5°, g4’ 4.334%,
’ 8.469%
Discount Rate i 4.00% 4.00% 4.00% 4.00% 4.00%
Base Year AADT 67,276 67,276 67,276 67,276 | 67,276
Annual Traffic Growth r 2.00% 2.00% 2.00% 2.00% 2.00%
. 2.00%/ | 2.00%/ | 2.00%/ | 2.00% /
ﬁﬁﬁi gg gi:gi:ﬁ: 2 ri;,“’ s/ 2.858%, |2.858%, |2.858%, |2.858%,
’ 5.203% | 5.203% | 5.203% | 5.203%
Service Life for Base Case 80 80 80 80 80
Service Life for Alt Case 73 73 73 73 73
b. Analysis under Certainty and Risk
Data Item AC VOC TT VC EC
Project Cost 2,199,751.58
Construction Cost 10,893,081.53
Deck Rehabilitation Cost 2,702,193.48
Deck Replacement Cost 5,508,166.104
Annual Routine Maintenance 3404.08
2.998% /
BM Gradient g;, g5, g3, 84/ 5.68%,
BM Gradient g,’, g5°, g4’ 4.855%,
6.637%
Discount Rate i 4.01% 4.01% 4.01% 4.01% 4.01%
Base Year AADT 86,926 86,926 86,926 86,926 | 86,926
Annual Traffic Growth r 2.011% | 2.011% | 2.011% | 2.011% | 2.011%
1.995%/ | 1.995%/ |1.995%/ [1.995%/
Annual UC Gradient ry, 15, 13, 14/ 3.608% | 3.608% | 3.608% | 3.608%
Annual UC Gradient 1,°, 13°, 14’ 3.143%, |3.143%, |3.143%, |3.143%,
4.122% | 4.122% | 4.122% | 4.122%
Service Life for Base Case 80 80 80 80 80
Service Life for Alt Case 75 75 75 75 75
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c. Analysis under Certainty, Risk, and Uncertainty

Data Item AC VOC TT VC EC
Project Cost 2,199,751.58
Construction Cost 10,893,081.53
Deck Rehabilitation Cost 2,702,193.48
Deck Replacement Cost 5,508,166.104
Annual Routine Maintenance 3404.08
2.998% /
BM Gradient g;, g, g3, 24/ 5.68%,
BM Gradient g,’, g5°, g4’ 4.855%,
6.637%
Discount Rate i 4.01% 4.01% 4.17% 4.17% 4.01%
Base Year AADT 86,926 86,926 90,579 90,579 | 86,926
Annual Traffic Growth r 2.011% | 2.011% 1.63% 1.63% | 2.011%
1.995%/ | 1.64%/ | 1.64%/ [1.995%/
Annual UC Gradient ry, 15, 13, 14/ 3.608% |2.920%, |2.920%, | 3.608%
Annual UC Gradient r,’, 13°, 1’ 3.143%, |2.560%, |2.560%, |3.143%,
4.122% | 3.311% | 3.311% | 4.122%
Service Life for Base Case 80 80 80 80 80
Service Life for Alt Case 75 75 75 75 75
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Estimated Project Benefits

. . . Certainty, Risk and
Item Certainty Certainty and Risk Uncertainty
PW Agency Benefits 222,945.24 419,665.34 419,665.34
PWser Benefits 15,023,482.03 18,344,813.42 16,515,019.15
PWrotal Benefits 15,246,427.27 18,764,478.76 16,934,684.49
Project Costs in Perpetuity
Case Computation
Project Cost 'T‘O 'T‘T ?T 'I‘T In Perpetuity
Profile [ SLC, = TP SLC= TP} SLC=T i€ SLCT
PWcre= Project Cost/((1 +i)(2001-1990)+Pr0ject Timing)
= $3,390,000/(( 1+4%)01-19901:33)

Certainty =603,577.1208
(i =4%) PW. cpeoo = PWcpc/(1-(1/(1+) "))

= 603,577.1208/(1-(1/(1+4%)*))

= 630,950.48

PW/{cpc= Project Cos‘r/((1+i)(2001'l(zzg)lﬂl);‘j;;‘;mmg)
. =$3,390,000/((144.01%)>*" 1033

Conanty and = 601,029.0418
(i=4.01%) PWicpcw = PWicpc/(1-(1/(1+) 7)) “

=601,029.0418/(1-(1/(1+4.01%)™))

= 628,068.59
Certainty, Risk, |py, —601,029.0418
and Uncertainty PW — 628.068.59
(i=4.01%) Lepee e

Summary of Project Benefit-Cost Analysis Results

. . . Certainty, Risk and
Item Certainty Certainty and Risk Uncertainty

= 15,246,427.27 - = 18,764,478.76 - =16,934,684.49 -
NPW 630,950.48 628,068.59 628,068.59

=14,615,476.79 =18,136,410.17 =16,306,615.90

= 15,246,427.27/ = 18,764,478.76/ = 16,934,684.49/
B/C 630,950.48 628,068.59 628,068.59

=24.16 =29.87 =26.96
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APPENDIX 3: Total Benefits of Contracts Selected Using Contract-Based Tradeoff Method under Yearly
Constrained and Cumulative Budgets at All Stages (Present Worth in Perpetuity, 1990 Dollars)

a. Contract Selection Using Contract-Based Tradeoff Method

One-Stage Deterministic Budget

Four-Stage Stochastic Budgets

Year Yearly Constrained Cumulative Yearly Constrained Cumulative
1996 3,754,065,431 3,275,697,497 3,753,988,417 3,321,615,668
1997 3,528,990,550 3,060,467,276 3,528,535,593 3,060,445,195
1998 3,117,435,731 2,544,264,809 3,117,826,852 2,573,123,492
1999 3,394,392.,403 2,364,811,330 3,369,989,451 2,397,118,845
2000 3,715,077,362 4,037,338,425 4,194,540,988 3,730,408,632
2001 4,631,047,857 3,383,161,281 4,631,047,857 3,880,829,125
2002 4,542,830,357 3,875,016,221 4,542,830,357 3,875,322,206
2003 7,829,867,892 7,174,324,544 7,829,867,892 7,173,977,819
2004 2,506,847,668 3,418,688,707 2,471,047,310 3,419.,434,740
2005 166,522,164 1,550,111,604 240,272,391 1,551,291,310
2006 528,854,632 3,384,820,373 528,854,632 3,382,764,666
Total| 37,715,932,047 38,068,702,067 38,208,801,740 38,366,331,698
b. Contract Selection Using Corridor-Based Tradeoff Method
Year One-Stage Deterministic Budget Four-Stage Stochastic Budgets
Yearly Constrained Cumulative Yearly Constrained Cumulative
1996 3,697,973,620 2,906,936,961 3,697,973,620 2,969,909,513
1997 3,413,797,558 3,066,085,740 3,412,652,017 3,083,357,948
1998 2,814,338,978 2,260,711,673 2,814,338,978 2,289,570,356
1999 3,071,028,894 2,327,073,152 3,007,592,691 2,327,073,152
2000 3,142,397,753 2,936,563,204 3,474,743,146 3,102,702,947
2001 4,585,522,958 3,554,145,883 4,585,522,958 3,562,531,520
2002 4,249,115,878 3,720,043,706 4,196,715,171 3,720,236,607
2003 8,306,960,159 7,895,682,150 8,309,426,980 7,904,257,813
2004 2,853,590,186 2,873,411,994 2,854,750,838 2,874,176,713
2005 364,031,284 1,198,693,416 364,173,268 1,198,693,416
2006 246,828,260 3,371,598,733 247,070,102 3,397,929,460
Total| 36,745,585,526 36,110,946,612 36,964,959,769 36,430,439,445

c. Contract Selection Using Deferment-Based Tradeoff Method

One-Stage Deterministic Budget

Four-Stage Stochastic Budgets

Year Yearly Constrained Cumulative Yearly Constrained Cumulative
1996 3,754,065,431 3,321,775,472 3,754,041,899 3,334,506,021
1997 3,528,990,550 3,077,739,485 3,528,535,593 3,176,928,506
1998 2,978,342,340 2,573,123,492 2,978,733,461 2,573,123,492
1999 3,211,523,023 2,398,399,146 3,162,044,215 2,363,315,688
2000 4,922,020,641 3,749,178,929 5,329,268,559 3,735,227,058
2001 4,630,801,766 3,465,524,347 4,630,801,766 3,878,366,584
2002 4,254,552,243 3,875,016,221 4,254,630,902 3,875,322,206
2003 7,492,475,469 7,174,324,544 7,492,475,469 7,176,232,535
2004 2,111,237,294 3,418,688,707 2,085,670,549 3,419,868,721
2005 165,994,750 1,550,111,604 165,693,277 1,551,291,310
2006 291,800,767 3,382,764,666 213,075,077 3,382,764,666
Total] 37,341,804,276 37,986,646,612 37,594,970,767 38,466,946,788
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APPENDIX 4: Contracts Consistently Selected under Yearly Constrained and Cumulative Budgets

a. Contract Selection Using Contract-Based Tradeoff Method

Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 412 399 413 412
1997 412 358 372 365 373 372
1998 429 275 402 393 404 404
1999 411 323 379 368 366 368
2000 610 578 507 505 506 502
2001 418 412 402 404 402 403
2002 422 421 374 375 374 375
2003 469 461 395 397 395 396
2004 649 648 233 232 231 233
2005 408 406 53 53 53 54
2006 376 375 46 46 46 45
Total| 5,068 4,700 3,575 3,537 3,563 3,564
b. Contract Selection Using Corridor-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 405 409 407 410
1997 412 358 384 385 385 385
1998 429 275 398 399 399 399
1999 411 323 369 381 381 365
2000 610 578 485 487 487 490
2001 418 412 397 398 398 398
2002 422 421 376 376 376 376
2003 469 461 429 430 430 432
2004 649 648 263 265 264 265
2005 408 406 96 96 96 96
2006 376 375 43 57 56 57
Total| 5,068 4,700 3,645 3,683 3,679 3,673
c. Contract Selection Using Deferment-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 412 413 413 413
1997 412 358 373 373 374 374
1998 429 275 403 404 404 404
1999 411 323 380 369 368 367
2000 610 578 514 511 512 509
2001 418 412 403 403 401 401
2002 422 421 374 375 374 375
2003 469 461 395 397 396 397
2004 649 648 233 232 232 234
2005 408 406 53 53 53 54
2006 376 375 45 45 45 45
Total| 5,068 4,700 3,585 3,575 3,572 3,573
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APPENDIX 5: Matching of Contracts Consistently Selected under Yearly Constrained and Cumulative

Budget Scenarios
a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Stage 1 Stage 2 Stage 3 Stage 4
Contracts | Authorized| B, B, B, B, B, B, B, B,
1996 464 443 98%| 94%| 98%| 91%| 98%| 94%| 98%| 94%
1997 412 358 97%| 94%| 97%| 92%| 97%| 94%| 97%| 94%
1998 429 275 97%| 98%| 97%| 95%| 97%| 98%| 97%| 98%
1999 411 323 93%| 99%| 94%| 96%| 93%| 96%| 94%| 96%
2000 610 578 98%| 95%| 96%| 94%| 96%| 94%| 95%| 94%
2001 418 412 97%| 100%| 97%| 100%| 97%| 100%| 97%]| 100%
2002 422 421 93%| 95%| 93%| 95%| 93%| 95%| 93%| 95%
2003 469 461 91%| 92%| 92%| 92%| 91%| 92%| 92%| 92%
2004 649 648 82%| 39%| 82%| 39%| 82%| 39%| 82%| 39%
2005 408 406 83%| 13%| 83%| 13%| 82%| 13%| 83%| 14%
2006 376 375 84%| 13%| 85%| 13%| 85%| 13%| 82%| 12%
Total| 5,068 4,700 94%|  T5%| 94%| 75%| 94%| 75%| 94%| 75%
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Stage 1 Stage 2 Stage 3 Stage 4
Contracts | Authorized| B, B, B, B, B, B, B, B,
1996 464 443 91%| 97%| 91%| 97%| 91%| 97%| 92%| 97%
1997 412 358 98%| 96%| 98%| 96%| 98%| 96%| 98%| 96%
1998 429 275 95%| 100%| 95%]| 100%| 95%| 100%| 95%| 100%
1999 411 323 92%| 99%| 95%| 99%| 95%| 99%| 92%| 98%
2000 610 578 97%| 98%| 93%| 97%| 93%| 97%| 94%| 97%
2001 418 412 96%| 99%| 97%]| 100%| 97%| 100%| 97%| 100%
2002 422 421 94%| 96%| 93%| 96%| 93%| 96%| 94%| 96%
2003 469 461 98%| 95%| 97%| 95%| 97%| 95%| 98%| 95%
2004 649 648 86%| 47%| 86%| 47%| 86%| 47%| 86%| 47%
2005 408 406 99%| 24%| 96%| 24%| 96%| 24%| 98%| 24%
2006 376 375 73%| 12%| 93%| 16%| 90%| 15%| 95%| 16%
Total| 5,068 4,700 94%| 79%| 94%| 79%| 94%| 79%| 94%| 79%
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Stage 1 Stage 2 Stage 3 Stage 4
Contracts | Authorized| B, B, B, B, B, B, B, B,
1996 464 443 98%| 94%| 98%| 94%| 98%| 94%| 98%| 95%
1997 412 358 97%| 94%| 97%| 94%| 98%| 94%| 98%| 94%
1998 429 275 98%| 98%| 98%| 98%| 98%| 98%| 98%| 98%
1999 411 323 94%| 99%| 94%| 96%| 94%| 96%| 94%| 96%
2000 610 578 92%| 96%| 90%| 95%| 90%| 95%| 89%| 95%
2001 418 412 97%| 100%| 98%| 100%| 97%| 100%| 97%]| 100%
2002 422 421 94%| 95%| 95%| 95%| 95%| 95%| 94%| 95%
2003 469 461 93%| 92%| 93%| 92%| 93%| 92%| 93%| 92%
2004 649 648 84%| 39%| 83%| 39%| 84%| 39%| 84%| 39%
2005 408 406 84%| 13%| 84%| 13%| 87%| 13%| 87%| 14%
2006 376 375 92%| 12%| 94%| 12%| 92%| 12%| 94%| 12%
Total| 5,068 4,700 94%| T6%| 94%| 75%| 94%| 7T5%| 94%| 75%




APPENDIX 6: Contracts Both Authorized by the Indiana DOT and Selected under Yearly Constrained

Budget Scenario
a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 405 390 404 404
1997 412 358 346 339 345 345
1998 429 275 266 263 267 267
1999 411 323 319 308 307 307
2000 610 578 488 497 497 497
2001 418 412 409 409 408 409
2002 422 421 403 401 400 403
2003 469 461 428 428 429 428
2004 649 648 284 284 283 283
2005 408 406 64 64 65 65
2006 376 375 55 54 54 55
Total| 5,068 4,700 3,467 3,437 3,459 3,463
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 432 432 432 432
1997 412 358 355 355 355 355
1998 429 275 274 274 274 274
1999 411 323 314 312 312 311
2000 610 578 471 492 492 492
2001 418 412 407 407 407 407
2002 422 421 399 402 402 400
2003 469 461 432 436 435 434
2004 649 648 305 307 307 307
2005 408 406 97 100 100 98
2006 376 375 59 61 62 60
Total| 5,068 4,700 3,545 3,578 3,578 3,570
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 405 405 405 405
1997 412 358 346 345 345 345
1998 429 275 266 267 267 267
1999 411 323 317 306 306 306
2000 610 578 531 539 539 539
2001 418 412 408 407 407 408
2002 422 421 397 394 394 398
2003 469 461 422 422 422 422
2004 649 648 279 280 277 278
2005 408 406 63 63 61 62
2006 376 375 49 48 49 48
Total| 5,068 4,700 3,483 3,476 3,472 3,478
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APPENDIX 7: Matching Percent of Contracts Both Authorized by the Indiana DOT and Selected under

Yearly Constrained Budget Scenario
a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 91% 88% 91% 91%
1997 412 358 97% 95% 96% 96%
1998 429 275 97% 96% 97% 97%
1999 411 323 99% 95% 95% 95%
2000 610 578 84% 86% 86% 86%
2001 418 412 99% 99% 99% 99%
2002 422 421 96% 95% 95% 96%
2003 469 461 93% 93% 93% 93%
2004 649 648 44% 44% 44% 44%
2005 408 406 16% 16% 16% 16%
2006 376 375 15% 14% 14% 15%
Total| 5,068 4,700 74% 73% 74% 74%
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 98% 98% 98% 98%
1997 412 358 99% 99% 99% 99%
1998 429 275 100% 100% 100% 100%
1999 411 323 97% 97% 97% 96%
2000 610 578 81% 85% 85% 85%
2001 418 412 99% 99% 99% 99%
2002 422 421 95% 95% 95% 95%
2003 469 461 94% 95% 94% 94%
2004 649 648 47% 47% 47% 47%
2005 408 406 24% 25% 25% 24%
2006 376 375 16% 16% 17% 16%
Total| 5,068 4,700 75% 76% 76% 76%
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 91% 91% 91% 91%
1997 412 358 97% 96% 96% 96%
1998 429 275 97% 97% 97% 97%
1999 411 323 98% 95% 95% 95%
2000 610 578 92% 93% 93% 93%
2001 418 412 99% 99% 99% 99%
2002 422 421 94% 94% 94% 95%
2003 469 461 92% 92% 92% 92%
2004 649 648 43% 43% 43% 43%
2005 408 406 16% 16% 15% 15%
2006 376 375 13% 13% 13% 13%
Total| 5,068 4,700 74% 74% 74% 74%
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APPENDIX 8: Contracts Both Authorized by the Indiana DOT and Selected under Cumulative Budget

Scenario
a. Contract Selection Using Contract-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 423 423 423 421
1997 412 358 350 351 351 349
1998 429 275 268 269 269 269
1999 411 323 298 299 297 298
2000 610 578 506 507 508 504
2001 418 412 397 399 397 398
2002 422 421 391 392 391 392
2003 469 461 422 424 422 423
2004 649 648 591 590 589 591
2005 408 406 391 391 391 392
2006 376 375 366 366 366 365
Total| 5,068 4,700 4,403 4,411 4,404 4,402
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 401 405 403 406
1997 412 358 354 355 355 355
1998 429 275 267 268 268 268
1999 411 323 290 302 302 290
2000 610 578 468 473 473 476
2001 418 412 393 394 394 394
2002 422 421 389 389 390 390
2003 469 461 444 445 445 447
2004 649 648 557 558 558 558
2005 408 406 391 391 391 391
2006 376 375 348 362 361 362
Total| 5,068 4,700 4,302 4,342 4,340 4,337
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 422 423 423 421
1997 412 358 351 351 351 351
1998 429 275 269 269 269 269
1999 411 323 299 300 298 297
2000 610 578 505 508 509 506
2001 418 412 398 398 396 396
2002 422 421 391 392 391 392
2003 469 461 422 424 423 424
2004 649 648 591 590 590 592
2005 408 406 391 391 391 392
2006 376 375 365 365 365 365
Total| 5,068 4,700 4,404 4,411 4,406 4,405
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APPENDIX 9: Matching Percent of Contracts Both Authorized by the Indiana DOT and Selected under

Cumulative Budget Scenario
a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 95% 95% 95% 95%
1997 412 358 98% 98% 98% 97%
1998 429 275 97% 98% 98% 98%
1999 411 323 92% 93% 92% 92%
2000 610 578 88% 88% 88% 87%
2001 418 412 96% 97% 96% 97%
2002 422 421 93% 93% 93% 93%
2003 469 461 92% 92% 92% 92%
2004 649 648 91% 91% 91% 91%
2005 408 406 96% 96% 96% 97%
2006 376 375 98% 98% 98% 97%
Total| 5,068 4,700 94% 94% 94% 94%
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 91% 91% 91% 92%
1997 412 358 99% 99% 99% 99%
1998 429 275 97% 97% 97% 97%
1999 411 323 90% 93% 93% 90%
2000 610 578 81% 82% 82% 82%
2001 418 412 95% 96% 96% 96%
2002 422 421 92% 92% 93% 93%
2003 469 461 96% 97% 97% 97%
2004 649 648 86% 86% 86% 86%
2005 408 406 96% 96% 96% 96%
2006 376 375 93% 97% 96% 97%
Total| 5,068 4,700 92% 92% 92% 92%
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 95% 95% 95% 95%
1997 412 358 98% 98% 98% 98%
1998 429 275 98% 98% 98% 98%
1999 411 323 93% 93% 92% 92%
2000 610 578 87% 88% 88% 88%
2001 418 412 97% 97% 96% 96%
2002 422 421 93% 93% 93% 93%
2003 469 461 92% 92% 92% 92%
2004 649 648 91% 91% 91% 91%
2005 408 406 96% 96% 96% 97%
2006 376 375 97% 97% 97% 97%
Total| 5,068 4,700 94% 94% 94% 94%
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APPENDIX 10: Contracts Both Authorized by the Indiana DOT and Selected under Yearly Constrained
and Cumulative Budget Scenarios
a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 399 386 400 399
1997 412 358 341 336 342 341
1998 429 275 264 262 266 266
1999 411 323 296 287 285 286
2000 610 578 480 477 478 474
2001 418 412 396 398 396 397
2002 422 421 373 374 373 374
2003 469 461 392 394 392 393
2004 649 648 233 232 231 233
2005 408 406 53 53 53 54
2006 376 375 46 46 46 45
Total| 5,068 4,700 3,273 3,245 3,262 3,262
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 392 396 394 397
1997 412 358 351 352 352 352
1998 429 275 267 268 268 268
1999 411 323 289 298 298 285
2000 610 578 458 460 460 463
2001 418 412 392 393 393 393
2002 422 421 375 375 375 375
2003 469 461 422 423 423 425
2004 649 648 263 265 264 265
2005 408 406 96 96 96 96
2006 376 375 43 57 56 57
Total| 5,068 4,700 3,348 3,383 3,379 3,376
c. Contract Selection Using Deferment-Based Tradeoff Method
Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996 464 443 399 400 400 400
1997 412 358 342 342 342 342
1998 429 275 265 266 266 266
1999 411 323 297 288 287 286
2000 610 578 487 483 484 481
2001 418 412 397 397 395 395
2002 422 421 373 374 373 374
2003 469 461 392 394 393 394
2004 649 648 233 232 232 234
2005 408 406 53 53 53 54
2006 376 375 45 45 45 45
Total| 5,068 4,700 3,283 3,274 3,270 3,271
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APPENDIX 11: Matching Percent of Contracts Both Authorized by the Indiana DOT and Selected under
Yearly Constrained and Cumulative Budget Scenarios

a. Contract Selection Using Contract-Based Tradeoff Method

Vear Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 90% 87% 90% 90%
1997 412 358 95% 94% 96% 95%
1998] 429 275 96% 95% 97% 97%
1999 411 323 92% 89% 88% 89%
2000] 610 578 83% 83% 83% 82%
2001 418 412 96% 97% 96% 96%
2002 422 421 89% 89% 89% 89%
2003 469 461 85% 85% 85% 85%
2004] 649 648 36% 36% 36% 36%
2005 408 406 13% 13% 13% 13%
2006 376 375 12% 12% 12% 12%
Total| 5,068 4,700 70% 69% 69% 69%
b. Contract Selection Using Corridor-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 88% 89% 89% 90%
1997 412 358 98% 98% 98% 98%
1998 429 275 97% 97% 97% 97%
1999 411 323 89% 92% 92% 88%
2000| 610 578 79% 80% 80% 80%
2001 418 412 95% 95% 95% 95%
2002| 422 421 89% 89% 89% 89%
2003 469 461 92% 92% 92% 92%
2004] 649 648 41% 41% 41% 41%
2005 408 406 24% 24% 24% 24%
2006 376 375 11% 15% 15% 15%
Total| 5,068 4,700 71% 72% 72% 72%
c. Contract Selection Using Deferment-Based Tradeoff Method
Year Candidate| INDOT Budget Stage
Contracts | Authorized 1 2 3 4
1996| 464 443 90% 90% 90% 90%
1997 412 358 96% 96% 96% 96%
1998 429 275 96% 97% 97% 97%
1999 411 323 92% 89% 89% 89%
2000 610 578 84% 84% 84% 83%
2001 418 412 96% 96% 96% 96%
2002 422 421 89% 89% 89% 89%
2003 469 461 85% 85% 85% 85%
2004| 649 648 36% 36% 36% 36%
2005 408 406 13% 13% 13% 13%
2006| 376 375 12% 12% 12% 12%
Total| 5,068 4,700 70% 70% 70% 70%
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