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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board isuniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to those who arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.

NCHRP REPORT 483

Project C12-43 FY' 96

ISSN 0077-5614

ISBN 0-309-06801-0

Library of Congress Control Number 2002117232

© 2003 Transportation Research Board

Price $33.00

NOTICE

The project that is the subject of this report was a part of the National Cooperative
Highway Research Program conducted by the Transportation Research Board with the
approval of the Governing Board of the National Research Council. Such approval
reflects the Governing Board’s judgment that the program concerned is of national
importance and appropriate with respect to both the purposes and resources of the
National Research Council.

The members of the technical committee selected to monitor this project and to review
this report were chosen for recognized scholarly competence and with due
consideration for the balance of disciplines appropriate to the project. The opinionsand
conclusions expressed or implied are those of the research agency that performed the
research, and, while they have been accepted as appropriate by thetechnical committee,
they are not necessarily those of the Transportation Research Board, the National
Research Council, the American Association of State Highway and Transportation
Officials, or the Federal Highway Administration, U.S. Department of Transportation.

Each report is reviewed and accepted for publication by the technical committee
according to procedures established and monitored by the Transportation Research
Board Executive Committee and the Governing Board of the National Research
Council.

Published reports of the
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

are available from:

Transportation Research Board
Business Office

500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:

http://www.national -academies.org/trb/bookstore

Printed in the United States of America



THE NATIONAL ACADEMIES

Advisers to the Nafion on Science, Engineering, and Medicine

The National Academy of Sciencesis a private, nonprofit, self-perpetuating society of distinguished schol-
ars engaged in scientific and engineering research, dedicated to the furtherance of science and technology
and to their use for the general welfare. On the authority of the charter granted to it by the Congress in
1863, the Academy has a mandate that requires it to advise the federal government on scientific and techni-
cal matters. Dr. Bruce M. Albertsis president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Acad-
emy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration
and in the selection of its members, sharing with the National Academy of Sciences the responsibility for
advising the federal government. The National Academy of Engineering aso sponsors engineering programs
aimed at meeting national needs, encourages education and research, and recognizes the superior achieve-
ments of engineers. Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining to
the health of the public. The Institute acts under the responsibility given to the National Academy of
Sciences by its congressional charter to be an adviser to the federal government and, on its own
initiative, to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president
of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciencesin 1916 to associate
the broad community of science and technology with the Academy’s purposes of furthering knowledge and
advising the federal government. Functioning in accordance with general policies determined by the Acad-
emy, the Council has become the principal operating agency of both the National Academy of Sciences and
the National Academy of Engineering in providing services to the government, the public, and the scientific
and engineering communities. The Council is administered jointly by both the Academies and the Institute
of Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chair and vice chair, respectively, of the
National Research Council.

The Transportation Research Board is a division of the National Research Council, which serves the
National Academy of Sciences and the National Academy of Engineering. The Board's mission is to promote
innovation and progress in transportation by stimulating and conducting research, facilitating the
dissemination of information, and encouraging the implementation of research results. The Board's varied
activities annually engage more than 4,000 engineers, scientists, and other transportation researchers and
practitioners from the public and private sectors and academia, all of whom contribute their expertise in the
public interest. The program is supported by state transportation departments, federal agencies including
the component administrations of the U.S. Department of Transportation, and other organizations and
individual sinterested in the development of transportation. www.TRB.org

www.national-academies.org



COOPERATIVE RESEARCH PROGRAMS STAFF FOR NCHRP REPORT 483

ROBERT J. REILLY, Director, Cooperative Research Programs
CRAWFORD F. JENCKS, Manager, NCHRP

DAVID B. BEAL, Senior Program Officer

EILEEN P. DELANEY, Managing Editor

ANDREA BRIERE, Associate Editor

KAMI CABRAL, Assistant Editor

NCHRP PROJECT C12-43 PANEL
Field of Design—Area of Bridges

ARUNPRAKASH M. SHIROLE, Robbinsdale, MN (Chair)
JOHN M. BARSOM, Barsom Consulting Ltd., Pittsburgh, PA
F. DANIEL DAVIS, Arizona DOT

FOAD FARID, Santa Monica, CA

DONALD J. FLEMMING, URSInc., Minneapolis, MN

THEODORE L. NEFF, Peak Management Associates LLC, . Charles, IL

GEORGE ROMACK, FHWA

SUSAN SHERMAN, Cole, Sherman, & Associates Ltd., Thornhill, Ontario, Canada
JENIFER WISHART, International Finance Corporation, Washington, DC

KURT JOHNSON, AASHTO Liaison Representative
BILL W. DEARASAUGH, TRB Liaison Representative

AUTHOR ACKNOWLEDGMENTS

Theresearch reported herein was performed under NCHRP Proj-
ect 12-43 by the National Engineering Technology Corporation
(NET Corp.) and Delcan Corporation. NET Corp. was the contrac-
tor for this study and for the software development.

Hugh R. Hawk, Chief Bridge Engineer, Delcan Corporation,
was the principal investigator. The other authors of this report are
Dr. Andy Lemer of the Matrix Group and Dr. Kumares Sinha, Pro-
fessor of Civil Engineering, Purdue University. Thebulk of the soft-

ware programming was conducted by Nimira Kurji, Delcan Corpo-
ration. Assistance in the testing of the software was provided by
Stepanka Elias, a former employee of Delcan and now a research
assistant at the University of Toronto. The bulk of the work was
done under the direct supervision of Hugh Hawk. Background
material was coordinated by Dr. Sinha, and the State-of-the-Art
Study was conducted by Dr. Lemer.



FOREWORD

By David B. Beal

Saff Officer
Transportation Research
Board

This report contains the findings of a study to develop a methodology for bridge
life-cycle cost analysis (BLCCA) for use by transportation agencies. The report
describes the research effort |eading to the recommended methodology and includes a
guidance manual for carrying out BLCCA and software that automates the methodol-
ogy. The material in this report will be of immediate interest to engineers concerned
with the life-cycle cost analysis of major bridges.

Transportation officials consider life-cycle cost analysisan important techniquefor
assisting with investment decisions. Several recent legislative and regulatory initiatives
recognize the potential benefits of life-cycle cost analysis and call for consideration of
such analyses for infrastructure investments, including investments in highway bridge
programs. Because acommonly accepted, comprehensive methodology for bridgelife-
cycle cost analysis (BLCCA) did not exist, NCHRP Project 12-43 was initiated.

Under NCHRP Project 12-43, National Engineering Technology Corporation
developed a comprehensive procedure for life-cycle cost analysis. Of particular note
isthe explicit introduction of vulnerability and uncertainty in the analysis. Consider-
ation of vulnerability and uncertainty resultsin amore realistic estimate of life-cycle
cost. Although default values are provided for cost parameters, userswill benefit from
the development and use of parameters specific to the structure and environment in
guestion.

The proposed methodology is fully described in the Guidance Manual (Part |1 of
the report). The methodology is implemented in software contained on a CD bound
with the report (CRP-CD-26). The report appendixes, the Guidance Manual, and a
User’'s Manual are accessible from the software. The User’'s Manual presents four
examples of the application of the methodology.
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SUMMARY

BRIDGE LIFE-CYCLE COST ANALYSIS

NCHRP Project 12-43, “Life-Cycle Cost Anaysis for Bridges,” has resulted in
NCHRP Report 483 and CRP-CD-26, which can be used by professionals to undertake
life-cyclecosting analysisfor bridges. Thereport hastwo parts. Part | (the Report) estab-
lishes guidelines and standardizes procedures for conducting life-cycle costing. Part 11
(the Guidance Manual) is useful to all professionals engaged in life-cycle cost analysis
either for the repair of existing structures or for the evaluation of new bridge aterna-
tives. The Guidance Manua outlines the concept of life-cycle costing, identifies sources
for data, and explains the methodology by which life-cycle costing can be conducted.

CRP-CD-26 contains the appendixes to the Report (Appendixes A, B, D, and E;
Appendix C is the Guidance Manual); the User's Manua and Guidance Manual both as
Word documents and in portable document format (pdf); and the bridge life-cycle cost
analysis (BLCCA) software. The BLCCA software provides atool for professionals
to apply the life-cycle cost-analysis concepts and methodologies to the analysis of
bridges. The software considers agency and user costs and enables the user to consider
both vulnerability and uncertainty in the analysis.

In combination, the Report, Guidance Manual, and software are a powerful tool that
can be applied to the decision-making process for the repair or selection of cost-effec-
tive alternativesfor the preservation of bridge assetsfor short-term and long-term plan-
ning horizons. NCHRP Report 483 and CRP-CD-26 are companions to the network-
based Bridge Management Systems.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT

Transportation officials consider life-cycle cost andysis an
important technique for assisting with investment decisions.
Severa recent legidative and regulatory requirements recog-
nize the potential benefits of life-cycle cost analysis and call
for consideration of such analysesfor infrastructure invest-
ments, including investments in highway bridge programs.
However, acommonly accepted, comprehensive methodol ogy
for bridgelife-cycle cost analysis (BLCCA) currently does not
exist. Research is needed, therefore, to provide bridge engi-
neering professionals with a methodology for the determina-
tion of life-cycle costs of bridges to aid them in selecting the
most appropriate bridge improvement alternatives.

RESEARCH OBJECTIVES

The objective of this research was to develop a methodol-
ogy for BLCCA for use by transportation agencies. This
methodology was augmented by practical tools, including a
guidance manual for carrying out BLCCA (Part 11) and a soft-
ware package (with appropriate documentation) that auto-
mates the methodology (CRP-CD-26). The following three
points, in particul ar, received special attention throughout the
course of the research:

1. Obsolescence and the design service life,
2. Risk and vulnerability, and
3. Information displays for decision makers.

Obsolescence and the Design Service Life

The calculation of life-cycle costs depends on the choice of
adistinct time period over which operations and maintenance
costsare accrued, discounted, and compared with capital costs.
Thistime period is often termed the “planning time horizon”
or “design service life.” The specific time period selection—
typically made with consideration for wear and aging of mate-
rials and sometimes the customary practices of financial mar-
kets—is generally decades long. Over the course of aslittle
as 10 to 30 years, obsolescence may reduce substantially the
value of abridge.

Obsolescence is a condition of being antiquated, old-
fashioned, or out of date. An obsoleteitem is not necessarily
broken, worn out, or otherwise dysfunctional, although these
conditions may underscore its obsolescence; rather, theitem
simply does not measure up to current needs or expectations.
Obsolescence results when there is a change in the require-
ments or expectations—for example, the danger of earth-
guakes motivates changes in structural design standards to
reduce the risks of failure and to mitigate the consequences
of such adisaster. These changes, in turn, render many older
structures effectively obsolete because they no longer com-
ply with the most recent safety requirements. In most cases,
things that are obsolete continue to function, but at levels
below contemporary standards.

A number of factors can cause obsolescence:

« Technological changes influence the scope or levels of
servicesa bridgeisto provide—for example, when heav-
ier loads are permitted than those loads for which the
bridge was initially designed.

* Regulatory changesimpose hew requirements on infra-
structure—for example, when safety requirementschange
the lane or shoulder widths required.

» Economic or social changescan alter thedemands placed
on infrastructure—for example, when suburban devel-
opment generatestraffic substantially abovelevelsenvi-
sioned in design.

» Changes in values or behavior can similarly alter
demands but are more difficult to foresee—for example,
when asocietal commitment to private automobiletravel
spurred removal of street railways in most urban areas,
the result was that some heavily congested bridges carry
fewer people than they did when they were first built.

Forecasting of obsolescence is difficult at best and is cer-
tainly beyond the realm of current life-cycle cost-analysis
models. However, effectivelife-cycle cost management should
include explicit consideration of obsolescence. The user of
cost-analysis software should be given the tools to explore
varying design service life assumptions. In addition, guid-
ance material accompanying the software should present
cases that illustrate the sources and consequences of obso-
lescence so that software users can assess the technical and
financial uncertaintiesin their decision making.
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Risk and Vulnerability

A major component that is missing in current bridge life-
cycle costing is the assessment of risk and vulnerability in
economic terms—for example, a bridge with attributes con-
tributing to seismic vulnerability has a risk cost relating to
the probability of damage or failure and the consequences of
that damage or failure. This assessment should form part of
the decision process when evaluating competing life-cycle
aternatives.

Engineering risks and uncertainty are related to the interac-
tion of environmenta factors and bridge characteristics caus-
ing partial or completelossof functionality, collateral damage,
or both. The most easily recognized sources of engineering
risks and uncertainty are condition-related reduction in load
capacity, life, or both; seismic vulnerability; bridge scour; and
overloads. In addition, there are other areas of risk.

Condition-Related Reduction in Load Capacity,
Life, or Both

As a bridge deteriorates, undergoes repeated load cycles,
or both, thetravelling publicisexposed to increasing risk and
potential inconvenience. A bridge in poor condition may
require posting, which hasadirect effect on user costs or may
be at a higher risk of failure. A partial or total bridge failure
can cause substantial hardship—thus, increasing the risk of
failure must carry a cost and be considered in the BLCCA.
An increased risk of failure, therefore, carries with it the
potential of increased cost attributed to that failure. These
direct and indirect costs could include replacement of the
bridge, detouring of traffic and associated traffic congestion,
lossof lifeand substantial liability, effects on areabusinesses
serviced by the facility, and so forth.

Seismic Vulnerability

Particular types of structures carry a higher risk of damage
caused by seismic events. A structure’ s seismic vulnerability
and the uncertainty in seismic events need to be addressed. The
risk of damage from a seismic event needs to be evaluated
against the cost of mitigating that damage. Seismic eventsalso
tend to be unusud in that a single event can cause damage to
many structures and can compromise the entire road network.
The vaue of providing at least some post-disaster emergency
routes must be recognized. The user costs associated with
earthquake damage are difficult to assign to individual struc-
tures—it isan entire road network or even an economy-based
issue. Seismic vulnerability isahigh-profileissue; yet, engi-
neers areill equipped to evaluate their decisions. For exam-
ple, the double-decked Nimitz Freeway in San Francisco
may have been designed to a normal reliability index; yet,
the consequence of failure proved to be far beyond that of
atypical bridge structure. Would the original designers have

accepted a 10 risk of failureif they knew the consequences
of such afailure?

Bridge Scour

A recent study in New Y ork State has shown that scour is,
by far, the primary cause of bridge structural failure in that
state. Engineers need a systematic way of evaluating the sus-
ceptibility of abridgeto scour, the probability of events caus-
ing scour, and the consequences (i.e., damage or failure).
These conseguences of scour need to be balanced against the
cost of mitigating measures. In some cases, it may be war-
ranted to replace aparticularly scour-susceptible bridge even
if the structure isin good condition if the consequences of
failure are severe, if the risk of failure is unacceptably high,
and if no other mitigating measures are available.

Overloads

Liveloadsfor which bridges are designed are upperbound
representations of typical traffic found on the nation’ s roads.
Changing trucking regulations, unscrupulous operators, and
steadily increasing loads are putting the nation’ s bridges at a
greater risk of being overloaded. Overloads can cause direct
damage, changesto structural behavior (e.g., through plastic-
hinge formation causing permanent moment redistribution,
deck cracking, connection slippage, etc.), or cumulative
damage (e.g., fatigue). Similar to the condition-rel ated reduc-
tion inload capacity or life (discussed above), this overload-
ing can lead to direct agency and user costs aswell asto an
increased risk of future damage or failure.

Other Areas of Risk

Another area of risk concerns public safety and agency lia
bility. Substandard bridgerailing, guiderails, transitions, end
treatments, and so forth can expose the agency to litigation
evenif the design of such appurtenanceswasappropriatewhen
the bridge was constructed. Even apolicy that is as seemingly
benign as“all new bridges shall have concrete barriers’ may,
by inference, condemn all steel railing as being deficient in
the eyes of the court. Exposure to litigation is obviously an
issue that must be addressed.

Uncertainties can contribute to the risk of making the
wrong preservation decision for a particular bridge. Uncer-
tainties can apply to many parameters such as the short-term
and long-term discount rates, rates of traffic growth, changes
to road usage, value of litigation awards, costs of repair, effec-
tiveness of repairs, timing of repairs, construction of compet-
ing facilities, changes to load permits, definition of “ substan-
dard” geometry, and so forth. Generally, these uncertainties
aretwofold: the current valueisuncertain and the future trends
are uncertain. For example, it may be appropriate to express



the current cost of aparticular deck repair asbeing astandard
normal function with amean of $100 per square meter and a
standard deviation of $20 per square meter and to assume
that the cost of asimilar repair in the future will increase by,
on average, 5% per year with a standard deviation of 1%. In
other words, the compounding of uncertainty makesthevalue
more and more uncertain with time.

Information Displays for Decision Makers

Bridges, like other civil infrastructure facilities, are noto-
riously subject to maintenance neglect. The aging and wear
that reduce bridge performance are slow processes and are
ofteninvisibleto the untrained eye. In the face of competing
demands for limited government budgets, political forces
may persuade decision makers to defer maintenance spend-
ing. Over time, such deferrals can have dire conseguences, as
many notable cases have illustrated.

The analysis of life-cycle cost and design of bridges on the
basis of minimizing that cost makes good sense only to the
extent that the assumptions on which design decisions are
based remain valid throughout the facility’ sservicelife. Defer-
ral of maintenanceinvaidates animportant set of assumptions
and is sometimes argued to be the result of lack of under-
standing—on the parts of both the public at large and political
decision makers—of what those assumptions are. If the pub-
lic is made fully aware of the degree to which maintenance
deferral represents a diversion of public assets, one may
arguethat it will become difficult for political decision mak-
erstousethepublic’ scapital asan unrestricted source of bor-
rowed funds. Life-cycle cost-analysis models should there-
fore be designed to enabl e presentation of resultsin waysthat
are understandable to the broad range of decision makers,
including the public at large.

Legidlative and Regulatory Requirements

While the basic principles were articulated more than 100
years ago, the systematic approachesto life-cycle cost analy-
sis appeared only 25 to 30 years ago in the United States.
Several recent legidlative and regulatory requirements have
calledfor greater consideration of life-cycle costsinthe high-
way program. Sections 1024 and 1025 of the Intermodal Sur-
face Transportation Efficiency Act of 1991 (ISTEA) required
the consideration of life-cycle cost analysisin the design and
engineering of bridges, tunnels, and pavements. The rule on
implementation of ISTEA management systems required
that life-cycle costs be analyzed in pavement and bridge
management systems. Executive Order 12893, “ Principles of
Federal Infrastructure Investment,” required that the benefits
and costs of infrastructure investment be measured and appro-
priately discounted over the full life cycle of the project (1).
The life-cycle cost analysis has now begun to be used in
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transportation facility management systems, especially for
pavement and bridge management systems (2).

The Transportation Equity Act for the 21st (TEA-21) autho-
rizes transportation funding for a 6-year period (1998-2003).
In abroad sense, TEA-21 has expanded the types of benefits
and costs to be considered asfactorsin transportation invest-
ment decision making. Although these considerations are not
in the form of regulations and formal benefit-cost analysisis
still the exception for most bridge projectsin the United States,
the use of life-cycle analysis and benefit-cost comparisons
are encouraged. This is particularly true of large projects for
which the cost of the analysis is warranted. FHWA does
reguire the consideration of life-cycle analysis in a broad
sense for congressionally mandated studies—generally, high-
way corridors that contain bridges.

STUDY SCOPE

This section identifies the various tasks and subtasks that
were involved throughout NCHRP Project 12-43.

Phase 1

Task 1: Review Relevant Domestic and
International Practice, Research Findings, and
Other Information Related to BLCCA

National Engineering Technology Corporation (NET Corp.)
has key contactsin most state agencies and has also provided
consulting services to review current bridge-management
practices and optimization techniques for Wyoming and
Florida. A comprehensive review of current state DOT bridge
management system practices was compiled from studies
that NET Corp. has already undertaken. The review of state
practiceswas focused specifically on life-cycle costing issues
through the use of a questionnaire that pointedly asked deci-
sion makers which issues are important, which are not, and
whether they currently account for each issue. The question-
naire was distributed to the state departments of transporta-
tion (DQOTYs); approximately 25 states responded. Eight inter-
national agencies and severa non-bridge agencies were also
contacted. A literature search was carried out.

Task 2: Describe Specific Parameters and
Variables Associated with BLCCA, Including Both
Agency and User Costs

The research team met during the week of September 23,
1996, to discuss the specific variables and parameters that
should be considered in devel oping a BLCCA methodology.
Theresults of the Task 1 questionnaire were correlated to the
list of parameters and variables with respect to the issues of
applicability, availability, quality, and uncertainty. Theissues
of applicability, availability, quality, and uncertainty for each



6

parameter and variable aswell as adefinition of each param-
eter and variable were compiled and presented in an interim
report.

Task 3: Develop Framework for the Minimum
Life-Cycle Cost Methodology

The research team met in September 1996 to discuss the
framework for carrying out bridge life-cycle costing. Based
on the responses to the questionnaire, it appeared that there
was almost universal agreement that the system should be
developed for the persona-computer (PC) environment in
Windows. Approximately one-third of the respondents pre-
ferred aclient-server solution while the other two-thirds pre-
ferred afile server—based or stand-alone system.

Although a classical minimum life-cycle cost methodol-
ogy is relatively straightforward, methods of introducing
such concepts as vulnerability and uncertainty were not well
defined. As part of Task 3, it was necessary to evaluate the
merits of methodol ogies such as fuzzy set theory for uncer-
tainty in the variables, or a Baysean approach, or, perhaps, a
probabilistic approach to vulnerability. It was also necessary
to determine a suitable methodology to handle long-term
innovation and changes over time to the functional require-
ments such as load capacity, traffic capacity, and clearance
requirements.

Each parameter and variable in Task 2 was evaluated asto
whether it was applicable to the chosen methodology, could
be defined as a default value, was user input, should be part
of an automated senditivity analysis, required referencetables
in the system, or required its uncertainty to be evaluated.

A summary of the proposed methodology was compiled
and submitted as part of the Interim Report. This summary
formed the conceptual basis for Task 4 and became part of
the core of the Guidance Manual produced in Task 6.

Task 4: Provide a Functional Specification for
Software to Automate Task 3

A review of hardware requirements was carried out to
develop arecommended hardware configuration for BLCCA.
At thetime, a Pentium PC wasidentified asthe recommended
workstation platform. A review of available operating sys-
tems and software languages was carried out. It was con-
cluded that the BLCCA should run in Windows 95/98/NT. It
wasfurther concluded that Visual Basic wasthe recommended
software package for devel oping the BLCCA. It became evi-
dent later in the project that Visua Basic was too dow for
some of the more intensive data-manipulation functions, so
Visua FoxPro routines were interfaced with the Visua Basic
core package to increase performance. Although some of the
speed enhancement could be attributed to programming tech-
nique, the 100-fold increase in calculation speed made inte-
grating the Visual FoxPro code well worth while.

Based on the information gathered in Tasks 1, 2, and 3,
basic BLCCA features were defined, and an outline of the
scope and architecture of the proposed system was produced.
A BLCCA demonstration package was produced to present
the BLCCA “shell” using Visual FoxPro. Sample mock-ups
of the screens and various objects were included to demon-
strate how the BLCCA would actually look and operate. The
BLCCA produces hardcopy reportsin text and graphical for-
mat. As part of Task 4, the basic report types and contents
were defined.

Task 5: Submit an Interim Report

NET Corp. prepared an interim report summarizing the
data collected and evaluated in Task 1, the parameters and
variables defined in Task 2, the draft framework for the
BLCCA developed in Task 3, and the functional specifica
tion for the software devel oped in Task 4. The Interim Report
provided the detailed work plan for the remaining tasks,
including the beta test plan. The Interim Report was deliv-
ered to NCHRP for review.

Task 6: Develop Complete Methodology for the
BLCCA and Develop the BLCCA Software

OncetheInterim Report received approval fromthe NCHRP
Project Pandl, detailed design of the BLCCA methodology was
undertaken and the software was developed. The following
subtasks show the various milestones that were achieved dur-
ing this phase of the project.

Subtask 6.1: Develop Guidance Manual Fully Describ-
ingtheBL CCA Methodology. The Guidance Manual, which
will provide bridge engineering professional s with guidance
and amethodol ogy to determine and evaluate life-cycle costs
for bridges, was produced. The Guidance Manua addresses
the major issues, discussestheimportant parametersand vari-
ables, and also provides guidance in the selection of appro-
priate valuesfor the variables (see Part |1: Guidance Manual).
The Guidance Manual isin aformat suitable for adoption by
the AASHTO Highway Subcommittee on Bridges and Struc-
tures and, as such, is tailored as a stand-alone document that
is not specifically linked to the use of the software.

Subtask 6.2: ProduceFinal Software Scope. TheBLCCA
software scope—as defined in the Interim Report, the detailed
work plan, and the User’ sManual (whichison CRP-CD-26)—
served asthe primary roadmap for specifying the philosophy,
concepts, models, and algorithms to be incorporated into the
BLCCA. In order to meet the project objectives, the scope
and architecture of the BLCCA software encompassed the
following system features:



» Compliance with FHWA’ s recommendations and long-
term requirements for bridge management;

+ Flexibility of the BLCCA to be easily modified to
accommodate changing requirements by FHWA and to
accommodate other advances in bridge-management
and computer technology;

» An easily accessible computerized bridge database;

» User-friendly system features allowing staff to operate
the BLCCA without specialized training in computer
technology;

 Authoritative computer-generated reports, both tabular
and graphical;

+ Theability to establish life-cycle maintenance and reha
bilitation strategiesthat ensure the satisfactory long-term
performance of bridges;

» Theahility to evaluate the short- and long-term impacts
of various aternatives based on a |least-present-value
analysis;

+ A means of forecasting future trends to make cost-
effectiveinvestmentsin current rehabilitation works; and

« A printable User’s Manual to supplement the BLCCA
on-screen User's Manual for training and reference
purposes.

Subtask 6.3: Produce a User’s Manual. The User's
Manual was developed to present the different modules and
submodul es that make up the system and the format for data
input and output. The User’sManual aso contains the Tech-
nical Manual, which details the algorithms and methodol o-
gies used (the User's Manual is included on CRP-CD-26).
The preparation of the preliminary User’s Manual involved
an evauation of user operation needs and an assessment of
thelevel of user-friendlinessto which the BLCCA should be
designed. Based on the progress and results of the software
development and testing, the User’s Manual was expanded,
upgraded, and finalized.

Subtask 6.4: Produce Data-Entry Screens. NET Corp.
produced data-entry screens in accordance with the input-
screen mockups produced under Subtask 4.4 and the prelim-
inary User’s Manual.

Subtask 6.5: Program Tables Containing System
Data and Calibration Data. These tables constituted the
“knowledge-based” portion of the BLCCA. The information
and data contained in these tables was identified in Tasks 2,
3,and 4.

Subtask 6.6: Produce Report For mats. Reportswere pro-
duced using two third-party applications—dGE Pro Essentials
and Crystal Reports—and were based on the reportsidentified
in Subtask 4.5 in the outline of the project.

Subtask 6.7: Program the BLCCA Software Source
Code. Development was carried out in accordance with the
detailed work plan and the preliminary User’s Manual. The
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BLCCA source code is of modular architecture to facilitate
both current and future programming, compiling, revision,
addition, and del etion. An object-oriented approach was used.
Most programming was donein Visual Basic, with database-
intensive operations programmed in Visual FoxPro.

Subtask 6.8: System Validation (Alpha Testing). Sys-
tem validation and testing accounted for a significant portion
of the development effort for this project.

Task 7: Discuss Available Data Sources for
Information on the Sgnificant Parameters and
Variables

When Task 6 was sufficiently advanced for the final set of
parameters and variables to be well known and their usage
within the software program well defined, asummary of avail-
able data sources was developed and added to the Guidance
Manual. The summary included commentson thereliability of
the available data, the currency of the data, variation in values
from different sources, and the proper application of raw data
to the BLCCA methodol ogy.

Task 8: Beta Test Software

The objectives of the betatesting were as follows:

» Uncover any source coding errors and inaccuracies or
inconsistencies that may exist;

 Evaluate the use and reliability of the system;

 Evaluate the accuracy of the results obtained from the
analysis module;

 Evaluate the various types of reports produced by the
system,

+ Evaluate the user interface of the system;

 Evaluatetheaccuracy and clarity of information provided
in the User's Manua (and within the User’s Manud, in
the Technical Manual) and in the Guidance Manudl;

* ldentify possible improvements to the system; and

* ldentify additional information that would be beneficial
to agenciesin implementing the BLCCA.

Betatesting indicated the need for additional testing, enhance-
ments to the user-friendliness of the software, and improve-
ments to the reports produced. A need for training and for
more worked examples was also identified.

Task 9: Finalize Documentation and
Submit All Deliverables

At the end of the defined timetablefor Phase 1, NET Corp.
ddivered thefollowing, with the exception of the Final Report,
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to NCHRP. The Final Report was delayed until the comple-
tion of Phase 2.

1. TheFina Report, which documented the entire research

effort—including updated sectionsof the I nterim Report,

where applicable—and an implementation plan;

The Guidance Manua;

The source code for the BLCCA software;

A compiled and executable software package;

A software package installation routine;

TheUser’ sManual, intheform of an online help system;

The Technical Manual (incorporated into the User's

Manual) for material that is necessary to the under-

standing of the operation of the software; and

8. Software documentation, including definitions of data
tables, program structure, and basic architecture.

No ok wN

All textual materials, with the exception of the source code,
were delivered in WordPerfect 5.1/5.2 format. The source
code was provided in an ASC Il—file format. The source
code was submitted as a compilation of al objects necessary
to modify or review the software.

Phase 2

Phase 2 involved developing enhancements to make the
system more user-friendly. The following activities were
included in the overall scope of the enhancements.

Task 1: Produce Additional Examplesto Illustrate
Key Software Applications

The developed software contained many concepts that
were new to practicing engineers and that required the user
of the software to understand the consequences of various
decisions made when devel oping scenarios and aternatives.
Several simple example problemsillustrating situations such
as linked events, uncertain versus certain costs and timing,
decision points, and how to apply the condition and load pre-
dictors were added to the system.

Task 2: Undertake Additional Testing
of the Existing System

The developed system turned out to be much more com-
plex than was originally envisioned, and additional testing on
the accuracy of the resultswasrequired. The system was also
difficult to use inits original form. The menu structure was
revised to make the system more intuitive, and a data-input
wizard was added.

Task 3: Conduct On-Site User Training

Again, because the devel oped system turned out to be much
more complex than was originally envisioned, more formal
training of potential users of the software was required. This
training was conducted as a workshop in Wisconsin and as a
presentation at the TRB Annua Meeting in Washington, D.C.

Task 4: Improve Textual and Graphic Reports

Testing and evaluation of the system revealed shortcom-
ings in the textual and graphical reports. The types of analy-
sis and reports seemed to be appropriate, but some of the
reports were lacking in content. The existing reports were
augmented with additional useful information such as the
data point tables used to draw the graphs and curve statistics
(e.g., mean, standard deviation, and the like).

Task 5: Modify Help System to Make It
Context Sensitive

Originally, the help system was a hypertext-style docu-
ment with topics and links; topics were found by navigating
through the equivalent of atable of contents. To thisoriginal
help system, a new level of user help was added by intro-
ducing Info buttons on most of the data-input forms to pro-
vide the user with context-sensitive help.

Task 6: Produce a Hardcopy Version
of the User’s Manual

The modified online help system—a hypertext-style doc-
ument with topics and links, navigable through a table of
contents and capable of providing context-sensitive help—
was not amenableto printing the User’ sManual (i.e., wasnot
amenable to producing a hardcopy) because the user had to
print out each topic in the help system one topic at a time;
there are several hundred topics. The help system was com-
piled into a printable Word document, which the user can
print as awhole or by chapter.

RESEARCH APPROACH

Life-Cycle Cost Analysis and
Its Application to Bridges

Life-cycle cost analysis has received increased attention as
atool to assist transportation agencies in making investment
decisions and in managing assets (2,3). While the basic prin-
ciples of life-cycle cost analysis were articulated more than
100 years ago, the systematic approaches to life-cycle cost
analysisappeared only 25t0 30 yearsago in the United States.



Bridges last much longer than do pavements. For a high-
way agency, bridges are along-term investment. Throughout
its useful life, a bridge requires both routine and periodic
maintenance and occasional rehabilitation and replacement
work. Thus, bridges require a series of expenditures for vari-
ousactivitiesduring their lifecycles. A life-cycle activity pro-
file of abridge can be represented by a series of future bridge
activitieslaid out in acash-flow diagram (4-6). It isnecessary
to make economic decisions with these future expenses in
mind. Selection of projectsonly intermsof initial investments
failsto reflect future funding needs. Some of the examples of
life-cycle cost analysis can be found in pavement manage-
ment (7) aswell asin bridge management (46, 8). This sec-
tion givesan overview of the variousaspects of life-cycle cost
analysis, with specia reference to bridge management.

Identification of Alternatives

There are different alternatives for bridge maintenance
and improvement for a given set of distress characteristics
and other factors. These specific aternatives vary from state
to state, based on experience and local practices. It is desir-
abletoidentify alist of promising aternativesfor variouscom-
binations of distress and bridge traffic and geometric factors.
Each aternativeisthen analyzed with the alternative' sactiv-
ity profiles and cash flowsfor project-level decisions or with
promising alternatives of other bridge projects for network-
level decisions.

Agency Costs

For a complete life-cycle cost analysis, both agency and
user costs need to beincluded. Agency costs consist of main-
tenance, rehabilitation, and replacement costs. Most routine
maintenance activities are performed by an agency’s own
workforce. Rehabilitation works consist of minor and major
repair activities that may require the assistance of design
engineers and are let to contractors for construction. Most
rehabilitation work is deck related. A major rehabilitation
activity may involve deck replacement. The term “bridge
replacement” is, on the other hand, reserved for a complete
replacement of the entire bridge structure. New bridge con-
structions caused by the construction of a new road or anew
alignment are also included in this category.

Agency costsinclude materials, personnel, and equipment
costs. To estimate the costs of the different activities, agood
cost-accounting system is essential. The type of action per-
formed on each bridge element, the costs incurred for the
bridge element, the condition of the bridge element before
and after the activity, and other relevant data should be
recorded and used in the future for estimating various agency
and user costs (9).

Routine Maintenance Costs

The costs associated with the routine maintenance of
bridge elements can be estimated in the following ways. First,
these costs can be developed as a function of the material
type, condition, location, average daily traffic (ADT), high-
way classification, and other important factorsfor each bridge
element. Second, these costs can also be estimated by first
estimating the quantity of different routine mai ntenance activ-
ities performed on atype of element per year as afunction of
element condition, material type, ADT, highway classifica-
tion, environment, and other factors. The unit cost of each
type of maintenance activity is also estimated as afunction of
the above mentioned factors. Together, the quantity of routine
maintenance activities and the unit cost of each type of activ-
ity give an estimate of the routine maintenance costs.

Element Rehabilitation Costs

The costs associated with the rehabilitation of bridge ele-
ments should be estimated for different types of elementsand
the different rehabilitation alternatives applicable for each
element type. Together, elements and alternatives give esti-
mates of the costsfor element rehabilitation corresponding to
different rehabilitation alternatives.

Element Replacement Costs

The costs associated with element replacement are esti-
mated in the same way as element rehabilitation costs; how-
ever, they are distinguished from element rehabilitation
because the funding options may be different for each.

Bridge Replacement Costs

Bridge replacement costs depend on the length, width, and
height of abridge; the number and length of individual spans;
the superstructure and substructure material; and structural
type; the bridge location; and the feature being crossed (e.g.,
road, rail, or river). The estimation of bridge replacement
costsisdone by breaking the entire project into different cost
items and then using historical contract costs for similar
items on similar projects to estimate the costs.

User Costs

User costs are primarily attributable to the functional defi-
ciency of a bridge such as aload posting, clearance restric-
tion, and closure. These functional deficiencies may cause
higher vehicle-operating costs because of such factors as
detours, lost travel time, and higher accident rates.
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Detour Costs

User costs areincurred because vehicles must take detours
caused by narrow deck width or inadequate vertical clear-
ance or load capacity. The costs consist of additiona vehicle-
operating costs and the value of the time lost. Load capacity
can be predicted using regression analysis or Markov chains
(10). The estimation of future traffic can be done using the
present traffic flow and the traffic growth rate. A comparison
of the future load capacity and the predicted traffic land dis-
tribution gives an estimate of the expected detoured traffic.
If the lengths of detours associated with individual bridges
are known, user costs caused by detours can be estimated.

Crash Costs

Crashesalso contributeto user costs caused by bridge defi-
ciencies. For each bridge, the expected rates of each type of
accident can be estimated as a function of the deficiencies.
The costs associated with each type of crash may al so be esti-
mated. Together, the rates of each crash type and the costs
associated with each of them givesthe total crash costsfor a
bridge.

Bridge Work Costs

Bridge work—whether routine maintenance, rehabilitation,
or replacement—usually influences traffic flow both across
the bridge and on surrounding roads. The congestion caused
by each of the alternatives, however, may be different. The
congestion caused on the surrounding roads and on the bridge
results in additional costs. These additional user costs are
experienced by the users of the bridge and the users of the
surrounding roads. Moreover, the increased use of aterna-
tive routes during construction may cause accelerated deteri-
oration of the roads and bridges along the alternative routes,
adding to additional agency costs.

Agency and User Cost Models

Regression analysisisgenerally used for estimating agency
and user costs as a function of various factors on which the
costs are dependent. The costs may be listed as follows:

* Initia cost;

+ Operation and maintenance costs,

+ Rehabilitation and replacement costs;

+ Salvage value or terminal cost, energy costs (particu-
larly for equipment), and user costs (particularly for
pavement and bridge management systems); and

+ Associated costs, including other identifiable costs asso-
ciated with life-cycle cost analysis but not previously
mentioned, such as costs for staffing, downtime, tax
implications, and so forth (11).

The costs listed above serve as the input to life-cycle cost-
analysis models. Thelife-cycle models used in transportation
decision making may be classified into two categories. gen-
era and specific. The general models are applicable to all
types of infrastructure; the specific models are customized for
specific systems such as bridge or pavement management
systems.

General Models

A generalized life-cycle cost model can be expressed as
the following (12):

LCC=C, +C, D

where

LCC=life-cycle cogt,
C,= nonrecurring costs, and
C,= recurring costs.

It may be noted that the salvage value or terminal value may
be regarded as a nonrecurring cost if the analysis period
equalsthelife of the project.

The risk and vulnerability of a system can be included in
alife-cycle cost model, as follows:

LCC=IC+0OP+FC 2

where

LCC =life-cycle cost,
IC = initial cost,
OP = operating cost, and
FC = failure cost.

This model refers to the failure cost as those costs incurred
when the system is not in its normal state of performance.
This type of model is important for those facilities that are
located in areas particularly vulnerable to earthquakes and
other natural disasters. Failure cost will include not only
appropriate agency costsfor repair, rehabilitation, or replace-
ment, but also user costs.

Soecific Models

Specific models are used to analyze specific systems. Sev-
eral models for pavement and bridge management systems
are discussed as examples.

Pavement Models. The most frequent use of life-cycle
cost analysis in transportation projects occurs in highway
pavement projects (13-15). Life-cycle cost analysisisusedin
the selection of pavement type, pavement design, pavement-



rehabilitation options, and other rel ated actions. Themost com-
mon form of a pavement life-cycle cost model is given below:

LCC=DC+CC+MC+RC+UC+SV (3

where

LCC = life-cycle cost,
DC = design cost,
CC = construction cost,
MC = maintenance cost,
RC = rehabilitation cost,
UC = user cost, and
SV = salvage value.

It should be mentioned that some of the cost items are recur-
ring while other items are only one-time costs. The user costs
are those accumulated by the users of the facility according
to different pavement type, condition, maintenance activi-
ties, or rehabilitation work. These costs could bein the form
of delay costs, operating costs, and denial-of-use costs. Sal-
vage values can be either positive or negative, depending on
whether the material has some economic value or would
necessitate cost for removal (13).

Another form of a pavement life-cycle cost model, used
for pavement-type selection (16), can be expressed as

LCC=CC+MC+RC+SC @)

where

LCC = life-cycle cost;

CC = construction cost, the tendered amount plus any
administration costs; the unit rate is obtained by
dividing the tendered price by the area of the
pavement;

MC = maintenance costs, including minor patching, crack
sealing, and so forth;

RC = rehabilitation costs, including any structural over-
lays, periodic reseals, removal and replacement of
open-graded friction course asphalt, and so forth;
and

C = salvage value at the end of the analysis period.

An example of the use of life-cycle cost analysis in
pavement-rehabilitation project selection is given below (15):

LCC=CC+MC+RC+1V (5)

where

LCC = life-cycle cost of arehabilitation alternative;
CC = construction cost of rehabilitation;
MC = routine maintenance cost after rehabilitation;
RC = rehabilitation cost (if required before the end of the
analysis period); and
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IV = initial value (theinitial condition of each pavement
isconverted to adollar valueand al pavementsare
brought to a common starting point).

Also, inthismodel, an index called the “ Service Cost Index”
(SCI) was used to determine the relative benefits derived
from each rehabilitation action. Thisindex was defined as

SCI =total number of equivalent 18-kip single-axle loads
served by the pavement during the analysis period/
total life-cycle cost.

By using theV and the SCI, alternativeswith different ini-
tial conditions and different future traffic can be compared
on an equitable basis.

Bridge Models. Bridges are unique structures in trans-
portation systems, and they require frequent and substantial
maintenance, rehabilitation, and replacement. Consequently,
maintenance and rehabilitation costs are a significant part of
the total costs in BLCCAs. Similar to the pavement model
presented in Equation 3, a bridge life-cycle cost model can
be expressed as follows:

LCC=DC +CC+MC +RC+UC+ SV (6)

where

LCC =life-cycle cost,
DC = design cost,
CC = construction cost,
MC = maintenance cost,
RC = rehabilitation cost,
UC = user cost, and
SV = salvage value.

Although this model has a format similar to the model for-
mat in Equation 3, the actual interpretations for some items
are different. In the bridge model, the user operating cost is
negligible, and the primary user costs are denial-of-use costs.
Denial-of-use costs include the extra costs occurring during
bridge congestion and repair, rehabilitation, and replacement.
The major elements of denial-of-use costs are value of time
lost by the users because of delay, detours, and so forth. More-
over, in the evaluation of the alternatives for a bridge, crash
costs of users seem significant because bridge structures cor-
relate with crash rates (17).

The life-cycle cost analysis has been used in determining
optimal timing of bridge activities (18). In a recent research
study, Mohammadi et a. (19) used asingle parameter to quan-
tify the bridge decision-making processin an optimal schedul-
ing scheme. Three mgjor elements for the BLCCA were com-
bined to estimate the parameter: (1) bridge condition rating,
(2) costs associated with various bridge works, and (3) bridge
service life expectancy. Equation 7 demonstrates as follows:
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VI = F(r,ct) (7

where

VI = bridge value index,
F = objective function,
r = condition rating,
¢ = costs, and
t = time or bridge service life expectancy.

The proposed form for F is
VI =r*tlc=AJc (8)

where

A = areaunder the bridge deterioration curve.

The Equation 7 (with Equation 8) can be used as the objec-
tivefunction in amathematical -optimization schemeinwhich
various constraints on the three parameters and on time can
be imposed. It should be noted that Jiang and Sinha (18) ear-
lier proposed the concept of maximizing the area under the
deterioration curve in bridge decision making. However,
condition rating cannot be used as the sole determinant of a
particular activity.

Other Transportation-Related Models

A host of life-cycle cost modelsis available in the litera-
ture. For transportation-related applications, life-cycle cost
models have been developed for equipment management
(12), steel-bridge corrosion-protection systems (20), lane-
marking (21), rural advanced traveler information systems
(22), and transit fleet management (23, 24).

Activity Profiles and Cash Flows

Activity profiles and associated cash flows are necessary
to conduct life-cycle cost analyses. The activity profile pro-
vides agood estimate of expected future costs, although itis
unlikely that the amount and timing of future expenditures
will follow exactly the projected profile. Three basic pieces
of information must accompany each bridge activity profile:
codt, starting time of bridge work, and duration of bridge
work. The construction of life-cycle activity profiles can be
done either by default assignment from a set of predeter-
mined profiles, given some selection criteriasuch astypeand
timing of the next recommended bridge work, or by thebridge
manager, based on his or her engineering judgements. Once
the proposed bridge management system is started and bridge
activities are clearly defined, unique identification codes are
assigned to the bridge activities so that their cost information
can be readily extracted from the cost data file in the future.

It should be noted that condition prediction models are
used to predict future conditions of various bridge elements
or components. These models, along with models for agency
and user costs, are used to estimate the costs associated with
each activity profile and thereby to derive each associated
cash flow (25).

Interest Formulas

Life-cycle costs are expressed as equivalent present worth
of costs or as equivalent uniform annual costs, using com-
pound interest formulas. Several interest formulas may be
needed to convert future cash flows to the equivalent present
worth or uniform annual costs. The first factor is the single
payment present worth factor (SPPWF). This factor is used
to convert single-payment capital outlaysin the future—such
asrehabilitation and replacement of abridge at afuture date—
into a present worth. When a constant sum of money is spent
at the end of each year for n years, the total amount of the
individual payments can be converted to asingle present sum
by using the uniform series present worth factor (USPWF).
If the uniform series payment does not start at the beginning
of the project analysis period, its present worth obtained by
using the USPWF needs to be discounted to the base year of
the program period by using the SPPWF. If expenditures
would increase every year with auniform arithmetic rate (G)
(e.g., deck patching work), this uniform gradient series can
be converted to the present by the gradient series present
worth factor (GSPWF). Again, if the start of the gradient
series does not match the beginning of theanalysisperiod, its
present worth needs to be discounted to the beginning of the
base year of the analysis period. By using the above three
interest formulas, future life-cycle cash flows can be dis-
counted to the present worth, and the total present worth of
an alternate option can be determined.

The equivalent uniform annual cost (EUAC) over the ser-
vicelifeiscomputed by multiplying the capital recovery fac-
tor (CRF) by thetotal present worth of costs of aproject. This
factor converts apresent amount based on some discount rate
into a series of uniform annual payments for an n-year ser-
vicelife. The salvage value of a bridge can also be included,
if desired. The salvage value can be converted to the present
worth by using the SPPWF. Of course, the salvage value may
be either anegative or apositive cost, depending upon the sit-
uation. In some cases, the salvage may be an income for the
agency. In other cases, the agency may haveto incur expenses
to remove the salvage.

In general, bridges provide service to the traveling public
in perpetuity; therefore, it is necessary to compute EUAC for
perpetua service. In this case, m payments of an amount A
are paid at n-year intervals beginning in year O (zero date).
Theamount Aisthe present worth of all costsincurredin one
life cycle, and n is the service life. This cash-flow series
becomes a geometric-power series that is convergent for i
greater than 0. For a perpetual-series case, mis an infinite



number. Thisfactor isthe perpetual series present worth fac-
tor (PSPWF).

The formulas needed to compute the appropriate factors
are summarized as follows:

SPPWF,, = ﬁ ©)
USPWE,, = %)I)"l (10)
GSPWR :i(14l-i)” é““ii)n_l‘”ﬁ (11)
CRR, = (1'(3%)')11 (12)
PSPWF,, = (fif—)')_l (13
where

SPPWF; , = single-payment present worth factor at dis-
count rate i (in decimals), for a single pay-
ment in year n;

USPWF,; , = uniform series present worth factor at dis-
count rate i, over aperiod of n years;

GSPWF,; , = gradient series present worth factor at dis-
count rate i, over aperiod of n years;

CRF; , = capital recovery factor at discount ratei, over

an analysis period of n years; and

PSPWF,; , = perpetual series present worth factor at dis-
count rate i, with n equal payment intervals.

Repeatability and Perpetuity

When a bridge is replaced or rehabilitated, it comes to the
end of its service life and needs to be replaced again. It is
impractical to try to determine precisely what type of bridge
work would be needed in the distant future—say, 30 to 40
years ahead; therefore, it is a common practice in life-cycle
cost analysisto assume a certai n sequence of maintenance and
rehabilitation work. After thefirst replacement, the samework
sequenceisassumed to repeat itself in perpetuity. Evenif reha
bilitation work is performed, the bridgeiseventualy replaced,
anditslife-cycleactivity profileisrepested. In such acase, the
rehabilitation cost is considered to be capitalized—that is, the
present worth of rehabilitation-related expenditures is amor-
tized in perpetuity. The EUAC in perpetuity isthus computed
by multiplying the present worth of all costsby theinterest rate
in decimals. The use of perpetual service of abridge is based
on thefact that bridge sitesare normally used for along period
of time (e.g., 50 years or more).

In choosing among alternative investment proposals, it is
desirablein principleto make an analysisin units of constant
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purchasing power. Usualy, inflation is excluded from the
prevailing discount rate. Cost inputs estimated at present
prices are used for life-cycle cost analysis, and al monetary
items are given in constant dollars.

In case the rate of inflation outgrows the rate of income
in the program funding, the effect of inflation may affect
investment decisions because the effective discount rate
would be different. Theinterest rate under this situation can
be expressed in the following interest formula (26):

- =(@+hd+a) 421' )Jr(lf“)“ @ (14)

where

i" = “true” discount rate that incorporates the effect of
inflation,

i = prevailing discount rate,

g = rate of increasein funding, and

f = expected rate of inflation.

If therate of increasein funding is expected to keep pace with
the rate of inflation, the discount rate can be taken equal to
the prevailing discount rate.

The equivalent uniform annual cost of an option in perpe-
tuity may be expressed as follows:

(11 - E(SPPWF, )0
(I G(GSPWE, )
EUACoc = HSPPWR ) [{PSPWR )
[+ F(SPPWR,)
- (ausPwr),

(15)

I e N |

where

| =initia cost,
F = future rehabilitation cost,
A = annua maintenance cost,
G = gradient series of maintenance cost increase,
E = salvage value of existing structure,
g = time passed before the beginning of uniform gradient
series of maintenance cost increase,
h = duration of uniform gradient series maintenance cost
increase,
n, =time passed before the future rehabilitation,
N = servicelife of the option, and
i = discount rate.

Criteria for Project Selection

Commonly used criteria for selecting or ranking aterna-
tives are net present value, equivalent uniform annual cost,
incremental benefit-cost ratio, and incremental rate of return
(27, 28). If theanalysisisdone correctly, these criteriashould
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lead to the same preferences of alternatives relative to each
other. The higher the net present value, the lower the equiv-
alent uniform annual cost, the higher the benefit-cost ratio, or
the higher the incremental rate of return, the better ranked is
the aternative. A number of references describe the applica-
tion of these techniques (29, 30).

A minimum acceptabl e rate of return must to be chosen to
use thesetechniques. Theoretically, the chosen rate should be
the rate of return that can be earned on projects or invest-
mentswith asimilar level of risk. Theyield rate on an applic-
able type of long-term government bond, adjusted for infla-
tion, can be used.

Conclusions

A vast body of literature exists on life-cycle cost analysis.
There are several methods of incorporating alife-cycle cost
approach in making bridge-related decisions. Traditional
life-cycle cost-analysis methodology has a framework that

aims to produce both “deterministic” and “static” schedules
of treatment. A state increment method has been developed
to model uncertainty and to allow scheduling of treatments
dynamicaly (31).

Although life-cycle cost analysis has been in use in trans-
portation for several decades, there is still disagreement as to
the appropriate cost items to be included, for example, delay
costs, vehicle operating costs, fuel costs, and quality-related
costs (2). Furthermore, external costs such as environmental
costs and other nonagency costs are generally not included. It
isdifficult to anticipatefuel costs, deterioration rates, expected
life, salvage value, changes in traffic patterns, and environ-
mental effects. It would be unrealistic to expect that the cur-
rent knowledge would be applicable toward the end of the
life-cycle period (2, 16). However, it must be recognized that
oncetheframework for alife-cycle cost analysisis devel oped,
the specific cost and other input parameters must be continu-
ously updated as more data are available. In that sense, life-
cycle cost analysisis adynamic process.




CHAPTER 2
FINDINGS

STATE-OF-THE-ART STUDY SUMMARY
BLCCA Needs

Currently, most states do not use life-cycle cost analysis.
Those states that do use qualitative rather than quantitative
analysis methods. Analysisis most commonly applied to the
selection of the overall bridge design, timing of bridge repair,
and network-level bridge management. There is a hoticeable
shift in the planned use of life-cycle cost analysis to quantita-
tive analysis from qualitative analysis, in particular for over-
all bridge design, timing of bridge repair, and network-level
bridge management. To support thisshift to quantitative analy-
sis, certain elements are needed; these elements have been
identified and are listed as follows in order of priority:

Develop a uniformly accepted methodology,

Obtain access to reliable cost and service-life data,
Rectify the lack of user-friendly computer software,
Train personnel, and

Resolve the conflict with “least first cost” method of
contract administration.

ghrwnNpE

To satisfy these needs, the following activities have been
identified and are listed in order of preference:

Obtain better data,

Get commitment from senior management,

Develop an accepted methodol ogy,

Compare predictive life-cycle costs with actual values,
Develop supporting user-friendly software tools, and
Improve research and training.

oukcwbdpE

International BLCCA Practices

Oversess it was found that life-cycle cost analysis is often
discussed under theterm “wholelife costing” but isnot widely
used. British, French, and Danish practices include apparently
routine applications of benefit-cost analysis for major invest-
ments, but none of the respondents reported the application of
life-cycle cost analysis. Japanese adoption of life-cycle cost-
analysis principles is reported to be less advanced; in Aus-
tralian, itisless so still.
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AVAILABLE COST MODELS

BLCCA uses two types of models in the life-cycle cost
analysis: primary and cost. A primary model is used to fore-
cast the physical condition of abridge; a cost model is used
to predict the actual expenses expected during the life of the
structure. This chapter contains a basic description of and a
guide on how to define and modify all the model types used
in BLCCA. The actual model calculation methodology is
shown on CRP-CD-26 (see Chapter 6 of the User’sManual).

Primary Models

Primary models describe external bridge conditions. At
installation, the BLCCA software contains two models for
each of the three primary conditions:

1. For ADT, the Generic Model and the NBI Growth
Model;

2. For the Condition Index, the Generic Model and the
Markov Chain Model; and

3. For load capacity, the Generic Model and the BRIDGIT
Model.

Cost Models

Cost models describe the expenses anticipated to occur
during the length of the analysis. There are two basic cate-
gories of these costs:

» During-event costs. costs that occur during events,
such as traffic control, lane rentals, detours, and other
costs associated with the event. These costs are in addi-
tion to the repair costs incurred by the agency and
include the user costs and vulnerability costs.

+ After-event costs. costs expected to occur because of
normal operation of the structure. These costs are defined
initially in the scenario definition and can be redefined
after each event. The three main categories are the user
costs, vulnerability costs, and distributed agency costs.

The BLCCA program allows the user to select different
model typesfor different problem scenarios. For consistency
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within the scenario, however, all alternatives must have only
oneglobally selected model typefor each of the primary con-
ditions and costs. Available models are outlined in detail on
CRP-CD-26 (see Chapter 5 of the User’ sManual). Currently,
thereisalack of good modelsfor usein life-cycle costing.

CLOSED-FORM SOLUTIONS

This section introduces the details of the calculation
methodology used to develop total life-cycle costs in the
BLCCA software. It deals with the following issues:

+ Defining uncertainty in the BLCCA software;

+ Dealing with value uncertainty (e.g., addition and multi-
plication of costs);

+ Dealing with timing uncertainty (e.g., simplification
procedure, related events, discounting, etc.);

» Dedling with after-effect costs (e.g., manipulation of
curves with uncertain time, value, and boundaries); and

» Generating probability distribution curves for the final
present values.

Historically, analyseswith uncertainty haverelied on Monte
Carlo simulation. Such analyses, however, have their short-

comings: the need to sample datafor all to be combined cost
curves and the calculation of all the resulting combinations.
This process|eadsto alarge number of calculations and pos-
sibly significant errors, if the cost sampling is inappropriate.
It isalso difficult to obtain smooth curves, and curve shapes
are dependent on the sampling interval. To avoid the short-
comings of Monte Carlo simulation, BLCCA restricts the
representation of uncertainty to smooth continuous curves
that makeit possibleto formulate closed-form solutions. This
process has many advantages:

+ Significantly faster calculations;

» Smooth curve shapethat isindependent of the sampling
interval;

+ Unlimited number of uncertainties;

+ Final solution that can be fully expressed by mean (x),
standard deviation (o), skew (q),and kurtosis (k); and

+ Separate solutions for each of the three cost types—
agency costs, user costs, and vulnerability costs.

Three types of uncertainty representation have been incor-
porated in the BLCCA: smooth curve, general curve, and
probability table. The treatment of uncertainty isexplainedin
detail on CRP-CD-26 (see Chapter 6 of the User's Manual).
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INTERPRETATION, APPRAISAL, AND APPLICATIONS

GENERAL RECOMMENDATIONS

Application of life-cycle costing to bridgesisnot astraight-
forward procedure. The professional performing the analysis
must have a working knowledge of economic principles; be
acquainted with bridge repair techniques, costs, and effec-
tiveness; have access to a good costing database; know the
most likely alternativesto be pursued; and have agood knowl-
edge of how a bridge behaves over the long term. No com-
puter package can contain al of the subtle variations and
knowledge that an expert relies on. It is therefore paramount
that professionalswho arewell trained and skilled in thisarea
of expertise undertake life-cycle costing. Poor decisions can
result if the user appliesthe wrong assumptions. The BLCCA
software is a complex tool—it must be used with care.

APPLICATIONS
Assessment of New Bridges

One of the main uses of life-cycle costing is in the deter-
mination of the most effective new bridge configuration. The
methodologies outlined in this report and in the provided
software can be used (1) to assess the trade-offs between ini-
tial costs and long-term maintenance and (2) to determine
whether it is cost effective to prebuild to afuture standard or
to widen and strengthen in the future. The software contains
sample analyses that deal with these issues.

Decision Points

In the context of life-cycle costing, a decision point is a
point in the future at which the analyst can choose two or
more courses of action—for example, there may be aneed to
accommodate heavier truckson abridgein thefuture. At that
point in time, the analyst may need to evaluate the likelihood
of the strengthening actually being required at that time and,
if it isrequired, to decide whether to strengthen the structure
or post the structure for reduced loading. At thispoint intime,
the alternative is splitting into subalternatives that each fol-
low independent paths into the future. These subalternatives

can then be recombined by assigning each one a probability
of occurrence and blending the resultstogether. The software
contains a sample analysis to illustrate this point.

Assessment of Uncertainty

One of the key components of the BLCCA methodology
istheincorporation of uncertainty into the analysis. Although
this makes the analysis much more complex, it resultsin a
more real-life solution and allows the user to evaluate his or
her confidence in whether he or she has chosen the correct
solution. Uncertainty allowsthe user to define the variability
both in the cost of repairs and in the timing of those repairs.
Thisis dealt with in detail on CRP-CD-26 (see Chapter 6 of
the User’'s Manual) and is also examined in severa of the
sample analyses contained in the software.

Assessment of New Materials

One of the primary uses of the life-cycle cost-analysis
methodology can be in the assessment of new materials or
components. When new materials or components are first
used, they have alimited track record and no history on how
they perform over the long term. This lack of historical
observation can be modeled in the software by applying a
high level of uncertainty to the performance of the new
material over time. For example, when using a new type of
deck overlay that shows promise and appearsto be cheaper,
it would be prudent to apply a high level of uncertainty to
the cost of the overlay and aso to the amount of time until
the next overlay isrequired. The user can then examine the
results of the analysis and decide whether the high degree of
uncertainty is outweighed by the potential short- and long-
term cost savings.

REPORTS

Reports are detailed on CRP-CD-26 (see Chapters 7 and 8
of the User’s Manual). Analysis reports provide the basis by
which the alternatives can be quantified and compared.
Under this heading, the BLCCA offerstwo types of analysis:
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1. Distributions and comparisons and
2. Sensitivity.

Theresults of the BLCCA are strongly influenced by several
variables:

1. Discount rate,
2. Event timing, and
3. Event value.

To address the significance of the choices made throughout
the datainput, the BLCCA allowsthe user to run sensitivity
analysis on these three parameters. All the relationships and
uncertainties defined during the datainput are accounted for.

K Analysis Reporis

¥

Select Semsitivity Report

¥

Parameters Form Appears
Select Sensitivity Parameters

Figure 1 shows the organization of the sensitivity analysis
process. Most reports, other than sensitivity reports, are cal-
culation intensive and may take several minutes to run.

Discount-Rate Report

The discount-rate report displays the results of adiscount-
rate sensitivity analysisfor the specified bridge, scenario, and
alternative. When this report is selected, aform appears that
allows the user to specify the discount-rate range for which
the sengitivity analysisisto be performed. Enter the discount-
rate range and select the Calculate button to carry out the
analysis. The graphic report appearsoncethe calculationsare
complete.

(may take several minutes)

Proceed Mo > Close Form
r
Yes .
l Return to Main Reporis Interface
BLCCA Calculation
Press Calculate Button

¥

Graphic Report Appears
Generate Text Report
Print Graph
Copy Graph to Cliphoard

¥

Close Form

Figurel. Organization of the sensitivity analysis process.



Event-Timing Report

The event-timing report displays the results of an event-
timing sensitivity analysis for the specified bridge, scenario,
and alternative. When thisreport is selected, aform appears
that allows the user to select the event in question and to
specify the range in years for which the sensitivity analysis
isto be performed. The graphic report appears once the cal-
culations are complete (see Figure 2).

Event-Cost Report

The event-cost report displays the results of an event cost
sensitivity analysisfor the current bridge, scenario, and alter-
native. When thisreport is selected, aform appearsthat allows
the user to select the event in question and to specify the
rangein % cost for which the sensitivity analysisisto be per-
formed. See Figure 3.

Distributions and Comparison Report

When this option is selected, the user is notified that calcu-
lationsfor the related reports are about to begin. These calcu-
lations can take afew minutes. After the cal culationsare com-
plete, the form for probability distributions and comparisons
appears. Thisform has a pull-down menu that allows the user
to access all probability distribution and comparison reports.
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Process Report

Figure 4 shows the steps required to complete the distri-
bution and comparisons analysis.

Probabilistic Distribution Report

The probabilistic distribution report shows the probability
distributionsfor present valuesfor the specified combination
of alternatives. When thisreport is selected, the BLCCA car-
ries out operations to devolve the resultsinto plottable curves.
These curves are then smoothed so that alternatives can be
combined. This process can take several minutes. When these
calculations are complete, the alternatives combination form
appears. To specify acombination of alternatives, each alter-
native is given a weight. The total weighting of al aterna
tives must equal 1.0. The BLCCA combines the alternatives
as specified and produces the graphic report showing the
probability distribution. See Figure 5.

Comparisons Report

The comparisons report showsthe probability distributions
for present values for the specified combination of alterna-
tives and compares them. When this report is selected, the
BLCCA carriesout operationsto devolvetheresultsinto plot-

Figure2. Graphicsreport for event-timing sensitivity analysis.
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Figure3. Graphicsreport for event-cost sensitivity analysis.

table curves. These curves are then smoothed so that alterna-
tives can be combined. Thisprocess can take several minutes.
When these calculations are complete, the aternatives com-
bination form appears. To specify up to five combinations
of aternatives, each aternative is given a weight. The total
weighting of all alternativesfor aparticular combination must
equal 1.0. The BLCCA combinesthe alternatives as specified

and produces the graphics report showing the probability dis-
tribution for each combination and afinal graph overlaying all
of the combinations (see Figure 6).

When you click on the Text Report button, the BLCCA
cal culatesthe probability of each combination being theleast
present value and produces the following comparison text
report (see Figure 7).
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Figured. Sepsfor the distribution and comparison analysis.
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Figure5. Graphicsreport for a probabilistic distribution.

Figure6. Graphicsreport for a comparison of probability distribution combinations.



Least Present Value

Bridge: APPENDIX C
Scenario: Concrete High Performance Option
Base Year: 1999 Discount Rate (%): 6.00
Cost Type: Agency Cost
Probability of Combo 1 Being the Least Present Value 0.19364
Probability of Combo 2 Being the Least Present Value 0.12674
Probability of Combo 3 Being the Least Present Value 0.31808
Probability of Combo 4 Being the Least Present Value 0.34250
Probability of Combo 5 Being the Least Present Value 0.01904
Total 1.00000
Alternative Combol Combo2 Combo3 Combo4 Combo5 Mean Deviation Q K
Alternative 1a 0.50 0.00 0.00 0.00 0.00 2,209,580 147,856 020 -057
Alternative 1b 0.50 0.00 0.00 0.00 0.00 2,018,644 147,856 020 -057
Alt. lareplaced 0.00 0.50 0.00 0.00 0.00 2,253,983 147,801 020 -057
Alt. 1b replaced 0.00 0.50 0.00 0.00 0.00 2,069,607 147,801 020 -057
Alternative 2a 0.00 0.00 0.50 0.00 0.00 2,332,606 221,650 0.09 -0.60
Alternative 2b 0.00 0.00 0.50 0.00 0.00 1,909,452 145,911 021 -0.60
Alt. 2areplaced 0.00 0.00 0.00 0.50 0.00 1,948,862 145,911 021 -0.60
Alt. 2b replaced 0.00 0.00 0.00 0.50 0.00 2,133238 145911 021 -0.60
Alternative 3 0.00 0.00 0.00 0.00 1.00 2,338,990 182,389 021 -0.60

Figure7. Comparison text report of least present value.
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CHAPTER 4

CONCLUSIONS, SUGGESTED RESEARCH,

AND SUGGESTED IMPLEMENTATION

CONCLUSIONS

NCHRP Project 12-43 has identified various modular ele-
ments required in a model BLCCA methodology and has
developed some of the engineering concepts necessary to
adopt such a methodology. The project has aso included the
development of an IBM PC-based computer program. Subse-
guent testing and evaluation of the software identified anum-
ber of deficiencies in the system that needed to be corrected
before the system coul d be accepted for use by state agencies.

A great deal of research work isrequired in the areas of vul-
nerability, work-zone user costs, load and condition deterio-
ration models, and prediction of future needs. Much research
inthisareaisongoing. As aresult, there is a need to period-
ically review thisinformation and to evaluate the possibility
of incorporating applicable resultsinto the BLCCA program.

Theinitial system was constructed using only models that
are currently available. There is a need to develop simple
interim models for vulnerability and other costs until the
ongoing research results in usable models. There is aso a
need for additional computational aids.

Transportation officials consider life-cycle cost andysis an
important technique for assisting with investment decisions.
Severa recent legidative actions recognize the potential ben-
efits of life-cycle cost analysis and call for consideration of
such analysesfor infrastructure investments, including invest-
ments in highway bridge programs. The current research has
provided bridge engineering professionals with a methodol-
ogy for the determination of life-cycle costs, but the software
cannot be considered complete.

SUGGESTED RESEARCH

A great deal of research is till required in the area of life-
cycle costing. The methodologies are now well established,
but there is a lack of background data. There is a need to
establish guidelinesfor repair costs and the expected life span
of various repairs under specific environmental conditions.
Distributions of costsare also required to establish the uncer-
tainty in repair costs. Vulnerability to earthquakes and scour
needs to be quantified. Currently, only an instinctual feel for
the costs is available. Costing models need to be refined to
include more specific bridge parameters. The current software

relies heavily on the use of generic modelsin which the real
calculations are done off system and the summary data is
brought into the software as a curve definition.

SUGGESTED IMPLEMENTATION

For this project to succeed, it isessentia to movetheresults
of this research into practice. The following draft implemen-
tation plan outlines the issues and steps necessary to develop
the formal implementation plan.

Issues

The implementation plan must address the following four
issues.

1. Do state DOTs have adequate resources to implement
the BLCCA?
Although the BLCCA is designed to be user-friendly
and efficient, there is a considerable amount of effort
required to useit properly and to collect project-specific
data. This proficient use of software may require staff
dedicated to conducting life-cycle costing as their pri-
mary job description.

2. Do state DOTSs have accessto reliable and useful cost
data to obtain accurate and meaningful results?
The results of the questionnaire made it very clear that
virtually all states consider the accuracy and availabil-
ity of cost data and other information required to run
the BLCCA to beinadequate. Traffic datais an excep-
tion because it is already collected for other purposes.
Data quality needs to be improved.

3. Canindustry be brought onboard?
Effective use of life-cycle costing requires that many
state practices be modified to accommodate the con-
ceptsof wholelife costing versusinitial cost and to con-
sider user and risk costs. There may be resistance to
these types of changes unless the benefits are clearly
identified and thereis support from senior management.

4. How will the BLCCA integrate with other efforts and
with AASHTOWare products?
There is obviously a significant overlap in both con-
cepts and data requirements between the BLCCA and



bridge management systems. It is therefore important
that both systems use common data consistently and
unambiguously. Also, many modern software systems
are moving into the client-server paradigm in which
thereisacentra datasource. Thissharing of datashould
be accommodated in a straightforward manner.

Steps

Thefollowing steps are suggested for the implementation.

AASHTO Support

Contractor. The role of the contractor is to develop the
BLCCA according to AASHTO's requirements to facilitate
the eventual transfer of the BLCCA into AASHTOWare. The
BLCCA should be capable of integrating with other AASHTO-
Ware products to the extent practical.

AASHTO. AASHTOWareisviewed by many asthe clear-
inghouse for products that can be applied countrywide, gen-
erally at the state level. As such, AASHTOWare carries a
great deal of credibility with state DOTs and can effectively
market developed products for use by DOTSs. The research
team feels, therefore, that it is essential to pursue acceptance
of the product by AASHTOWare so that thereisavery well-
defined, long-term marketing and support mechanismin place
as soon as the softwareis released.

Other. AASHTOWare may require sponsorship by oneor
several states for the software to be considered. Forward-
looking candidate states should be identified.

Conferences and Papers

Contractor. At appropriate points during this study, the
principal investigator presented the research findings and rec-
ommendations at relevant conferences and meetings (includ-
ing to the AASHTO Highway Subcommittee on Bridgesand
Structures and at the TRB Annual Mesting).

Other. Presentations by users carry much more credibil-
ity than do presentations by the contractor in that the users
are end-users of the developed software and guidelines. A
well-respected state DOT or consultant who is considered a
leader in life-cycle cost analysis or in arelated field should
be encouraged to apply the software to real-life use.

Formal Training Courses

Contractor. The contractor must be considered the expert
in the devel oped methodol ogies and software and, therefore,
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has played a key rolein the development of training materi-
alsthat will promote the use of and understanding of the con-
cepts. This should be expanded through afederally supported
formal training strategy that, by its nature, will ensure wide-
spread acceptance.

FHWA. The National Highway Institute (NHI) should be
contacted to see how such atraining course should be funded
and structured. It may be appropriate to include training on
life-cycle costing and value engineering as part of NHI's
bridge engineering training course.

Other. AASHTOWare may also sponsor formal training
if the BLCCA movesinto its domain.

System Support and Marketing

Contractor. The contractor must be considered the expert
in the devel oped methodol ogies and software and, therefore,
must play akey role in the system maintenance and support.
If this support is not provided through AASHTOWare, then
another source of support must be found. Software products
must evolve over time.

AASHTO. AASHTOWare has a well-established soft-
ware support and marketing mechanism—it would be wise
to make use of that infrastructure.

Other. The formation of a BLCCA users group would
enable end-users to share knowledge on the use of the
BLCCA, provide feedback, and propose future enhance-
ments. Such groups have been very successful—for exam-
ple, the Bridge Rating Analysis of Structural Systems (the
BRASS) Users Group.

Data Clearinghouse

AASHTO. Currently, at AASHTO thereisamovement to
create data clearinghouses that enable state DOTSs to share
experiences with various standards, products, and product
experiences. Although a data clearinghouse was not selected
as ahigh priority by the questionnaire respondents, it might
be beneficial to establish atracking system for new structures
designed and costed out using the BLCCA so that long-term
tracking of the structures' performances and fine tuning of
BLCCA can occur.

Contractor. To encourage widespread participation, the
contractor could include within the BLCCA routines that
automatically upload reference cost data; the data would be
provided in the future by the data clearinghouse.

Other. In order for the data clearinghouse to accumul ate
data, it would be necessary for participating transportation
agencies to submit data to the clearinghouse periodically
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and, perhaps, to follow up with future updates on individ-
ual projects.

Trial Use by a Sate DOT

State DOTSs. The design of any new tool and associated
documentation is based on the involved parties' perceptions
of how the tool will actually be applied in day-to-day prac-
tice. Often, until the tool sees extensive use in practice, its
shortcomings and weaknesses are not evident. The only way

to ensure that the tool is truly useful and that its implemen-
tation is straightforward isto use it for an extended period of
time. The end result of thistrial use would be aformal report
on the state DOTS' findings with respect to the software’s
usefulness, shortcomings, and weaknesses.

Contractor. For atria installation, the contractor would
need to educate the participating state DOT inlife-cycle con-
cepts, in how the BLCCA actually applies the concepts, and
as to what the consequences would be if the state DOT’s
method of operation were to change.
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APPENDIXES

Appendix C to thisreport is the Guidance Manual, which is published herein as Part I1. Appendixes A, B, D, and E of this
report are included on CRP-CD-26. The appendixes, which are unedited, are as follows:

+ Appendix A: State of the Art,

+ Appendix B: Questionnaire,

« Appendix D: User’s Manual, and
« Appendix E: BLCCA Software.




PART I

GUIDANCE MANUAL




Part |1 of NCHRP Report 483 (the Guidance Manual) isessentially the original text as submitted by theresearch
agency and has not been edited by TRB. Page numbering for Part |1 will restart with page 1.

The Guidance Manual is aso installed with the software on CRP-CD-26 and can be accessed from the soft-
ware as Help files. To view these files when not in the software, double click on Helpfile.hlp or Guidance.hip.
Thiswill load thefilesinto the standard Microsoft help system format. The files are also available as Word 97
documents.
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Foreword

This guidance manual describes principles and practices for analyzing the life-cycle costs of highway
bridges, as atool to assist transportation-agency personnel and others concerned with making decisions
about planning, design, operation, maintenance, and possibly retirement or replacement of these structures.
The manual, written as an independent primer within the context of current U.S. highway practice and
policy, will be useful to anyone seeking background understanding of the principles of engineering
economics applied to bridges and how economic uncertainty may be characterized and accommodated in
bridge-management decision making.

This manual was written as part of NCHRP Project 12-43, a study to develop a comprehensive
methodology for life-cycle cost analysis of bridges implemented as a software package for PC-style
computers. The Bridge Life-Cycle Cost Analysis (BLCCA) package is designed for application to
individual bridges. This bridge-level focus distinguishes the BLCCA from other currently available bridge-
management tools such as PONTIS and BRIDGI T, which were devel oped under FHWA and NCHRP
projects respectively. National Engineering Technology Corporation (NET), of Arlington Heights, IL,
conducted research on current life-cycle cost analysis practices, availability and quality of datato support
bridge life-cycle cost estimation, and computer-based facilities-management tools usable within
government transportation agencies. The results of thiswork are presented in afinal report. A User’s
Guide that accompanies the BLCCA software presumes that users are familiar with the principles and
practices described in this guidance manual.
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Chapter 1 Introduction and Summary

Background and Motivation

Life-cycle cost analysis (LCCA) has received increasing attention as atool to assist transportation agencies
in making investment decisions as well asin managing assets (PIARC 1991, FHWA 1994). Bridges
compose a significant class of assets for which these agencies are responsible.

Transportation agencies using federal funds often must conduct LCCA to justify their planning and design
decisions, because the federal agencies providing funds must do so. Sections 1024 and 1025 of the
Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA) specified that consideration should be
given to life-cycle costs in the design and engineering of bridges, tunnels, and pavements. The National
Highway System Designation Act of 1995 requires that states conduct an LCCA for each proposed
Nationa Highway System (NHS) project segment costing $25 million or more. Federal Executive Order
12893 (Principles 1994), signed by President Clinton in January 1994, requiresthat all federal agencies use
“systematic analysis of expected benefits and costs... appropriately discounted over the full life cycle of
each project” in making major infrastructure investment decisions; the Federal Highway Administration
(FHWA) and other executive-branch agencies have issued more detailed guidance for implementing this
Executive Order and been more explicit in adopting the terms of LCCA in describing their requirements,
(“Life-Cycle’ 1996).

The Transportation Equity Act for the Twenty-First Century, TEA-21, authorizes transportation funding for
asix year period (1998 — 2003). In abroad sense TEA-21 has relaxed the requirements for life-cycle
analysis but has expanded the types of benefits and costs to be considered as factors in transportation
investment decision making. Although these considerations are not in the form of regulations and formal
benefit-cost analysisis till the exception for most bridge projects in the United States, the use of life-cycle
analysis and benefit-cost comparisons are encouraged. Thisis particularly true of large projects where the
cost of the analysisiswarranted. The FHWA does require the consideration of life-cycle analysisin a
broad sense for Congressionally mandated studies, generally highway corridors that contain bridges.

Despite such requirements, LCCA is not universally used in U. S. transportation agencies. Thereis
currently no commonly accepted methodology for LCCA, particularly as it might be applied to bridge
management. |n an attempt to standardize the terminology used in this Guidance Manual, terms requiring
definition are shown in italics and their definitions presented in the glossary, Appendix A. In drafting this
guidance manual, the authors have sought to highlight aspects of LCCA practice that may vary from one
jurisdiction to another or which entail elements of controversy. Users of LCCA must recognize the
technique’ s limitations as well as its advantages as a decision-making tool.

In particular, this guidance manual recommends that explicit recognition must be given to the uncertainties
of LCCA for bridges and other complex engineered systems. The analyses depend on estimates of costs
and future behavior of structures and their users, and of the likelihood of storms and other future events.
While the basic principles and computational procedures used in LCCA are relatively few and often
straightforward in their presentation, the practice of LCCA under uncertainty quickly becomes
complicated. This guidance manual presumes the reader will undertake bridge life-cycle analysis with
computer-based computational tools.




NCHRP 12-43
Bridge Life-cycle Cost Analysis Guidance Manual

Life-cycle Cost Analysis (LCCA) Defined

The challenge facing bridge managers—and the purpose of LCCA—isto specify an economically efficient
set of actions and their timing during the bridge’ s life cycle to achieve the 50- to 100-year service life that
many bridge-management professionals feel is an appropriate target for this major public investment. It
also assists decision makers in comparing alternative strategies for managing a bridge.

The cost to an agency for a bridge is never a one-time expenditure. A bridge represents along-term, multi-
year investment. Following its planning, design, and construction, a bridge requires periodic maintenance
and possibly repair or rehabilitation actions to ensure its continued function and safety. Responsible
managers may eventually decide that a bridge must be replaced, effectively designating the end of its useful
life. Thisend typically comes decades and sometimes even centuries after the initial construction was
compl eted.

In simplest terms, the time between a bridge' s construction and its replacement or removal from serviceis
its service life. The sequence of actions and events and their outcomes—e.g., construction, usage, aging,
damage, repair, renewal—that lead to the end of the service life and the condition of the bridge during its life
compose the life cycle. Responsible managers must make decisions about what management strategy to
follow, what materials and designs to use, what repairs to make and when they should be made, based on
their expectations about what the subsequent costs and outcomes will be. LCCA isa set of economic
principles and computational procedures for comparing initial and future costs to arrive at the most
economical strategy for ensuring that a bridge will provide the services for which it was intended.

LCCA isessentialy atechnique for considering the economic efficiency of expenditures. Given acertain
set of requirements that a bridge must meet—e.g., traffic volumes to be carried, maximum vehicle loads,
geotechnical and climate conditions-the lowest-cost set of actions meeting those requirementsis preferable
to other sets of actions. The bridge resulting from those actions represents a more efficient use of scarce
resources—.e., public funds and time-than other alternatives. It isthis consideration of all resources used to
produce the bridge’ s services that distinguishes LCCA from discounted cash-flow analysis, a
computationally similar technique used by financial analysts to compare streams of revenue and
expenditure. The principle and computational practices of discounting to compare costs incurred at
different times are discussed in Chapter 2.

In this guidance manual, resource “flows” of al types aretermed “costs.” In LCCA computations, revenue
such astoll receipts, savings such as reduced maintenance spending enabled by more durable materials, and
benefits such as users’ time saved by avoiding lane closures are simply costs with negative values.

Section 303 of the National Highway System Designation Act defines LCCA as “a process for evaluating
the total economic worth of a usable project segment by analyzing initial costs and discounted future cost,
such as maintenance, reconstruction, rehabilitation, restoring, and resurfacing costs, over the life of the
project segment.” The Act defines a usable project segment as a portion of the highway that could be
opened to traffic independent of some larger project of which the segment is a part.
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While LCCA has been known and used in management decision making since the 19" century, the earliest
full articulation of the method in the highway field seems to be the computer-based models devel oped
initially for the World Bank in the 1960s ( the Highway Cost Model - HCM ). Thismodel considered both
agency and user costs. Thiswork isthe basis for much of the thinking about pavement-management and
now bridge-management programs in the United States.

When indirect user costs such as those relating to ride quality are considered, the use of LCCA is actualy
an expansion of the method’ s basic principles to encompass aspects of another decision-making tool,
benefit-cost analysis (BCA). While LCCA islargely a consideration of current and future costs, BCA aims
more broadly to assess arange of benefits and costs that go beyond the immediate reasons for undertaking
aproject. For example, BCA methods have been developed and widely used in dam-building assessments,
where credit is taken, for example, of the recreational benefits of alake formed by a dam that is proposed
for purposes of irrigating farmland or generating electricity. A key metric of BCA, the benefit-cost ratio,
requires that careful distinctions be made between what are “benefits’ and what are “ costs’; cost savings
are often ambiguously treated. The “net present value” metric used in LCCA simply adds al “costs,”
positive and negative, to reach a conclusion.

Because of this ambiguity of the benefit-cost ratio, some analysts recommend that this metric should not be
used; the net present value of benefits and costs, they say, is the only completely reliable indicator of
efficiency. Theinterna rate of return, another widely used LCCA metric, suffers from some ambiguities as
well: for certain cash-flow patterns, the calculations will yield multiple internal rates of return.

This guidance manual seeks to present alimited perspective on LCCA. Costs considered in the LCCA
should be restricted to those that can be considered as representing economic resources invested by
highway agencies, road users, and the tax-paying public (i.e., the highway bridge’ s owners) for the purpose
of obtaining the services of abridge. The broad range of benefits that a highway and its bridges may bring
to aregion should be considered in LCCA only to the extent that a particular management strategy will
appropriate some portion of those benefits. The principal aim of LCCA isto calculate the Net Present
Value, but at the same time any cost - whether agency, user or vulnerability - which distinguishes one
alternative from another should be addressed. |If the exercise is simply to determine the best new structure
to twin an existing facility then only that bridge need be considered in the analysis. If the exerciseisto
determine whether a bridge should be strengthened versus detouring traffic onto adjacent roadways, then
the effects on those adjacent facilities should be examined in order to arrive at a proper conclusions.

Uses of Bridge Life-Cycle Cost Analysis (BLCCA)
In Bridge Management

“Bridge management” refers to the various activities of planning, design, operation, and maintenance that
determine how a bridge is configured throughout its service life. The underlying motivation for using
LCCA in bridge management is an understanding that tradeoffs are possible, e.g., spending to install more
durable coatings of steel elements during initial construction in order to reduce the anticipated frequency of
future repainting, or adopting a somewhat more costly design detail to make future maintenance easier and
less costly.

Many of the applications of LCCA deal with such design issues. However, the principles apply equally
well to questions posed by existing bridges, e.g., when is the best time to schedule a deck overlay, or how
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much of a premium might reasonably be paid as an incentive to a contractor for rapid completion of that
overlay’sinstallation?

LCCA presumes that a particular facility, e.g., abridge, is warranted and will be provided by some means.
The technique also includes the idea that there are minimally acceptable conditions that will trigger, if they
are not met, corrective action, e.g., repainting, deck replacement. For these reasons, LCCA is useful for
comparing alternative management strategies; the method cannot be used to justify construction of a new
bridge where none exists. This latter problem requires application of BCA.

Aswill be described in Chapter 2, the basic principles of LCCA are few and relatively straightforward.

The specific application of LCCA to bridge management, however, depends on the specific character of
bridges and on availahility of datafor estimating values of key parameters influencing the life-cycle cost of
aparticular bridge. In contrast to pavements, for example, abridge is spatially compact and generally has a
high proportion of its life-cycle cost bound up initsinitial construction. In comparison to tunnels, bridges
are exposed to greater vagaries of climate and live load. A management tool designed to assist bridge-
management decision makers will be most useful if it highlights the principal tradeoffs available to achieve
amore efficient bridge life cycle. The term “bridge life-cycle cost analysis’ (BLCCA) is used throughout
this manual to designate the particular application of LCCA principles and procedures to bridge
management.

Bridge-Management Decision Tools

Many agencies have adopted bridge-management decision tools that operate at the system level to assist in
budget allocation and prioritization within an agency’ s total inventory of bridges. PONTIS, one such
system-level tool, was developed under an FHWA project and is available to agencies through the
American Association of State Highway and Transportation Officials (AASHTO) AASHTOware program.
BRIDGIT is another such tool developed under the NCHRP and available from the devel oper, National
Engineering Technology.

In contrast to these tools, the BLCCA discussed in this manual focuses on the analysis of individual
bridges, what is sometimes termed a “project level” analysis. BLCCA will be most useful to bridge
engineering professional s concerned with selecting the most appropriate course of action for bridge design
and improvements. These professionals will presumably seek to minimize the total costs likely to be
incurred during a bridge’ s complete life cycle. BLCCA is concerned with projecting these costs and
comparing costs for alternative courses of action.

These costs are paid by either the “agency” or “users.” The agency istypically agovernment entity; its
costs are direct expenditures of funds for planning, design, construction, operation, and maintenance of a
bridge. “Users’ is abroader category that includes vehicles using the bridge and possibly the businesses
and residents of nearby areas that rely on the bridge for access. The specific elements of agency and user
costs considered in aBLCCA will depend on the bridge under consideration and the purpose for which the
analysisis being made. Chapters 3 and 4 of this manual address these matters.

Regardless of who pays, costs fall conceptually into two categories of “routine” or “extraordinary.”
Routine costs are those which spring from normal development and use of abridge. Most people will
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understand that normal costs include at least some periodic spending for maintenance and repair, even if
that spending is deferred because of tight budgets. Periodic cleaning of drains, inspections of structural
condition, and the value of time lost to congestion when these cleanings and inspections block traffic are
similarly included among routine costs.

Extraordinary costs are incurred when unusual events happen. A severe flood, an earthquake, a chemical-
transport vehicle colliding with the structure, and the like can cause substantial bridge damage and high
recovery costs. Users are delayed and inconvenienced while repairs are made and may even suffer direct
damages from the event itself. Even though the events are rare, the costs when they do occur are so high
that they may represent a significant factor in BLCCA. The expected value of these costsis termed in this
guidance manual the “vulnerability cost,” because they result from a bridge’ s vulnerability to extraordinary
events.

Uncertainty and the Stochastic Approach to
BLCCA

The basic principles of BLCCA are applied using estimates of future outcomes of actions taken to manage
abridge—e.g., crack-sealing for the deck will improve corrosion resistance and avoid severe structural
damage—and the costs of those actions and outcomes. Even for extraordinary or “vulnerability” costs, the
analysis must rely on such estimates.

Because they are estimates, these figures are always uncertain. Once an action is taken and its outcome
observed, the actual value recorded as an indication of the outcome—e.g., cost, traffic level, deck spalling—
may vary from the estimate, sometimes substantially. A deterministic approach to BLCCA relieson
outcome and cost estimates initially without regard for their potential variability. A single set of estimated
costs, deterioration rates, and the like are used to compute a single estimated life-cycle cost for a particular
bridge-management strategy. After this estimate is made, the calculations may be repeated with different
estimates to address the questions of what the life-cycle cost would be if the outcomes differ from the
initial estimates. This sensitivity analysis explores the degree to which the life-cycle cost depends on initial
assumptions.

An dternative to the deterministic approach is to give explicit recognition to the uncertainties of estimated
costs and outcomes. Uncertain parameters are represented by probability distributions rather than single-
number estimates. A stochastic approach to BLCCA computes the life-cycle cost of a particular
management strategy as a probabilistic distribution, based on the uncertainty of these input parameters.
Even the input distributions are uncertain, so a sensitivity analysis may till be conducted following the
initial life-cycle cost computations.

This guidance manual presents a stochastic approach to BLCCA. This approach is computationally more
complex and intensive than a deterministic approach and is made practical primarily by the availability of
powerful and low-cost computers and bridge-performance databases that enable the analyst to make
meaningful estimates of the probability distributions used in the analysis.
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Organization of the Guidance Manual and its
Relationship to Other Documents

This guidance manual iswritten as an independent primer on BLCCA, to provide background
understanding of the principles of engineering economics applied to bridges and how economic uncertainty
may be characterized and accommodated in bridge-management decision making. Chapter 2 presents the
basic concepts of BLCCA. Chapter 3 then presents the step-by-step process of computing the life-cycle
cost of aparticular bridge-management strategy. These chapters together represent the core of the manual .

Chapter 4 describes the various parameters that may be used to describe bridge-management strategies,
their outcomes, and their costs and to compute strategies' life-cycle cost. The description is structured to
emphasize those parameters that are more likely to be important to decision makers facing typical highway-
bridge management problems. However, the discussion seeks to be comprehensive as well, because the
specific characteristics of a particular bridge may represent unusual problems where “typical” answers are
guestionable.

Chapter 5 describes data sources to support BLCCA. The National Bridge Inventory (NBI) and its program
of periodic inspections has done much to build an extensive database for bridge-performance analysis, but
not enough to enable fully reliable project-level BLCCA. More detailed studies by individua state
agencies and researchers provide a basis for devel oping deterioration models to project the outcomes of
bridge-management actions and events, and a great deal more work is needed. Information on bridge
performance following rare eventsis, of course, scarce; more work is needed to improve our abilities to
forecast the life-cycle cost consequences of flood-induced scour, seismic strains and other extraordinary
conditions with which a highway bridge may contend. In the absence of good relevant data, a BLCCA user
may have to rely on default values of various parameters, values derived from available data.

Thismanual is one of severa products of NCHRP Project 12-43, a study to develop a comprehensive
methodology for life-cycle cost analysis of bridges implemented as a software package for PC-style
computers. The software package is designed to assist users seeking to make a stochastic analysis of
management strategies for individual bridges. A User’s Guide that accompanies the BLCCA software
presumes that users are familiar with the principles and practices described in this guidance manual, but
this manual avoids reliance on the User’s Guide or the software itself. A final report of the project
describes al work done and incorporates, by reference, this manual, the BLCCA software, and the User’s
Guide.
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Chapter 2 Basic BLCCA Concepts

Condition, Service Life and Life Cycle

As along-term, multi-year investment, a bridge is the product of decisions made and actions taken during
its planning, design, construction, use and maintenance over the course of many years. Possibly the most
basic issue in BLCCA isthe determination of how long a bridge' s service lifeislikely to be. In practice,

the end of a bridge's useful life often comes decades or even centuries after itsinitial construction.

In practice, this end comes because the bridge is determined to be either (1) no longer needed or (2)

unsafe, obsolete, or otherwise unable to provide the services expected of it even with repairs. Unacceptable
safety and obsol escence are conditions judged by professionals who rely on currently applicable criteria
and standards and best available information. Experience suggests that current expectations of the practical
service lives of highway bridgesin North America may be approximately 30 to 50 years. However,
AASHTO specifies, for example, that the service life of new bridges should be 75 years, and other agencies
use other values. In principle, and in the particular case of its use in BLCCA, the service lifeis a not-quite-
arbitrarily chosen value denoting the anticipated time period from the end of construction until conditions
reach an unacceptably low level.

The service lives of abridge and its components are uncertain. BLCCA typically designates a planning or
time horizon as the period of time over which all costs are to be estimated. The planning horizon and
service life are not necessarily equal. An existing bridge, for example, will always have a service life
greater than the planning horizon used in a BLCCA; the bridge will have provided years of service before
the analysisis made and is assumed by convention to remain in service at least to the end of the planning
horizon (subject of course to uncertainty, e.g., the possibility of an early failure).

Figure 2.1 Models of bridge-element and bridge deterioration (time scales not
necessarily the same)

Example A Example B
A < = > A —= >
Condition Condition
G Ci
| |
To To
Time or use Time or use

Figure 2.1 illustrates typical representations of a how the condition of a bridge or its elements deteriorate
and define the service life, in the absence of any particular action to make repairs or otherwise change
conditions. Thisbasic model appliesto a bridge as awhole or to any of its elements, e.g., deck,
substructure, bearings, columns. If abridge is placed in service following its construction (at time TO), the
deterioration curve represents the bridge’ s condition asit declines with wear and aging, from itsinitially
high level to alevel considered unacceptable (Cf) . Example A might represent a concrete deck where the
damage of gradual cracking accumulates and then begins to accelerate as water and chemicals penetrate
more deeply beneath the surface. Example B might be more representative of a bridge as awhole where
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the overall condition progresses through a series of defined states. The shape of the deterioration curve, of
course, is dependant of the definition of the various condition states. Regardless of the deterioration
curve's shape, the service life (SL) represents the length of time until unacceptable conditions prevail .

These typical deterioration models are generally understood to include at least some normal or routine
maintenance effort during the service life. Such maintenance influences the rate of deterioration. Its
neglect can reduce the service life. Under conditions of normal maintenance only, without more substantial
repair or rehabilitation of elements, atypical highway bridge' s service life can be substantially less than the
often quoted 75 to 100 years.

Regardiess of the progress of wear and aging, obsolescence may hasten the end of the servicelife.

Obsol escence results when there is a change in the requirements or expectations. Such a changein effect
increases the condition or functional level judged to be unacceptable. (Cf in Figure 2.1). A changein
maximum-allowable vehicle load, for example, may impose on highway bridges greater maximum stresses
or more frequent repetitions of critical stresslevelsor both. These changes, in turn, render some older
structures effectively obsolete since the higher anticipated loads may exceed their design limits. A number
of factors can cause obsolescence:

O Technological changes influence the scope or levels of services abridgeisto provide, for example
when heavier loads are permitted than those for which the bridge was initially designed.

O Regulatory changes impose new requirements on infrastructure, for example when safety requirements
change the lane or shoulder widths required.

O Economic or social changes can substantially alter the demands placed on infrastructure, for example
when suburban development generates traffic substantially above levels envisioned in design.

O Changesinvaluesor behavior can similarly alter demands but are more difficult to foresee, for
example when a societal commitment to private auto travel spurred removal of street railwaysin most
urban areas. Asaresult, some heavily congested bridges now carry fewer people (albeit in more
vehicles) than they did when they were first built.

In most cases things that are obsolete continue to function but at levels below contemporary standards. A
bridge that cannot carry the heaviest |oads may be posted and kept open for lighter-duty use.

Figure 2.2 Typical model of life-cycle condition with repairs or renewals

A ‘4
Condition
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Time or use
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In most cases a bridge is not Ieft to follow the basic deterioration path and reach an unacceptable condition
without interruption. Instead, the responsible agency will from time to time undertake repairs,
rehabilitations, or renewals that return conditions to a higher level and extend the service life, as Figure 2.2
illustrates. The challenge facing bridge managers is to specify an economically efficient set of actions and
their timing during the bridge’ s life cycle to achieve the 50- to 100-year servicelife.

Figure 2.3 Expenditure accompanying the life cycle

A < = >
Condition
C
>
To
Time or use
planning,design
and construction
Expense
repairs, renewals
normal maintenance
>
Time or use

The sequence of actions and events that determine the bridge-element’ s condition throughout its life cycle
is sometimes referred to as the “life-cycle activity profile.” Actionswill typically have associated
expenditures and, as Figure 2.3 illustrates, these expenditures may be plotted as a function of the time when
the expenditures are made. This plot, sometimes termed a “cash-flow diagram” even when it includes
commitments of non-cash resources (e.g., user costs for time in congestion), shows the magnitude of the
expenditure or receipt and when it occurs. (Receipts or revenues would be shown as lines extending below
the x-axis.) To simplify computations, all resource flows generally are by convention represented as
occurring at the beginning or end of the time period in which they in fact do occur. Resource flows
extending over severa periods, e.g., amulti-year construction project, are represented as a series of lines,
one for each period in the multi-period set.

At the end of its servicelife, a bridge will have some value that must be taken into account in the BLCCA.
That value, termed the terminal value, may be positive (e.g., if the materials can be sold for recycling) or
negative (e.g., if demolition costs will exceed the resale amount). In many cases the BLCCA time horizon
may not coincide with the technical service life of a particular bridge-maintenance strategy, and a bridge
may have residual value or “serviceable life” value attributable to the years of service it will continue to
provide before its condition becomes unacceptable. This residual value is not necessarily the same asthe
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bridge sterminal value. Both parameters may have arolein aBLCCA. These values are treated the same
as other costsin the BLCCA.

Time-Value and Equivalence of Economic
Resources

The various actions taken during a bridge’ s life cycle entail use of economic resources. An agency spends
money for construction, normal maintenance and repairs. Bridge users sacrifice time and out-of -pocket
expenses (e.g., extrafuel) while repairs are being made, for the sake of the improved conditions and
extended service life gained thereby. These uses of resources occur at times throughout the service life.

A basic principle of economics used in BLCCA is that economic resources have atime value. The
principle derives from the premise that resources can always be put to productive use, yielding some return
over time. A dollar placed in a savings account, for example, accrues interest because the bank can use the
dollar initslending programs. After one year, for example, the saver will be able to withdraw $1.06 to
spend on food or clothing. In principle, one would then view an offer of one dollar paid today as
equivalent to an offer of $1.06 to be paid one year from today. The discount rate is a parameter used in
BLCCA to calculate the equivalent worth of economic resources used or received now or in the future. The
guestion as to whether an agency can actualy invest surplus fundsisirrelevant. In essence the discounting
of future costs is an attempt to place aworth on the funds being spent.

The relationship between the amount of a future expenditure and its equivalent present worth or valueis
then calculated using the discount rate [DR]:

PV = FVn/ (1 + DRM

where:

PV = present value of the expenditure

FVn = future value of an expenditure made at time N

N = # of periods (generally years) between the present and future times

Aswill be described in Chapter 3, there are several standard formulas derived from this basic relationship,
for computing the present values of certain frequently encountered expenditure patterns. The periodic
expenditure for normal maintenance shown in Figure 2.3, for example, may be expressed in terms of its
equivalent single-value present worth. Similarly, a single-value expenditure, now or at some future time,
may be expressed in terms of its equivalent periodic value, the magnitude of a constant-valued periodic
expenditure over a set number of periods that has the same present value as the single-value amount. This
is often referred to as the equivalent uniform annual cost (EUAC).

While discounting iswidely used and is an essential feature of all LCCA, it is not without problems. The
discount rate itself, typically expressed on an annual basis, is generally understood to represent a measure
of the “opportunity cost” or time-value of money. The principle that uncommitted funds can aways be
used productively is the basis for assuming a positive discount rate, e.g., (1+DR) > 1. Thevalidity of this
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assumption is not always clear. A bridge-management professional, for example, does not generally have
the choice of investing a portion of his or her capital budget to produce additional revenue instead of
spending the budget on bridge construction or repairs.

Selecting an appropriate discount rate for public fundsis not at all clear. However, we can draw upon
experience in the private sector where profitability and return on investment drive decisions. The discount
rate really serves two purposes; to reflect the opportunity cost of money, similar to the private sector and a
method by which to quantify the benefits or dis-benefits of delaying actions. A zero discount rate implies,
given equal conditions, that timing of repairsisirrelevant, only the total cost of repairsisimportant. This
certainly seemsto contradict current thought. Large discount rates, on the other hand, ensure that low up-
front-cost alternatives are more desirable. Reality is somewhere between these two extremes.

Some analysts argue that this comparison of private spending and public spending warrants public-agency
use of discount rates at least as high as those used in the private sector. Others suggest that public-sector
spending is a specia situation that justifies low discount rates, certainly no more than the interest- rate at
which government can borrow funds in the open market. U. S. government agencies must apply the
guidelinesissued by the Office of Management and Budget (Guidelines 1992), which are updated by
occasional revisions of Appendix C. Asof 2002, agencies were instructed to use a current discount rate of
5.8% per annum, based on the nominal interest rate on 30-year Treasury Notes and Bonds. An up-to-date
Appendix C can be found at the web site http://www.whitehouse.gov/omb/ by searching for “discount
rate.”

The exponential relationship of present and future values means that higher discount rates have a dramatic
impact in reducing the consequence of expenditures to be made in the more remote future. BLCCA with
higher discount rates is thus less favorable to long-lived projects with initial coststhat arelargein
comparison with future savings to be gained. Proponents of large capital-intensive projects may argue that
discount rates should be low, or even zero. Others argue that inappropriately low discount rates encourage
over-building and “gold-plated” design.

The discount rate generally is described as having three components measuring (1) the “real” opportunity-
cost of capital [cc], (2) the required premium for financia risk associated with investments to be analyzed
[fr], and (3) the anticipated rate of inflation in prices [pi]. Each component istypically stated asa
percentage representing the rate of annual increase (or decrease, in the event of economic deflation), and
the " current” discount rate is calculated as

DR = [1+cc][1+fr][1+pi] -1

The opportunity-cost of capital is sometimes termed the “real” discount rate. Historical trends suggest that
the real time-value of money istypically in the range of 2 to 4 percent per year. TheU. S. Treasury
Department in the Spring of 1997 introduced a new debt instrument, Inflation-Protected Securities, which
promised to pay investors a basic interest amount plus an additional amount based on changesin the
consumer price index. Backed by the full faith and credit of the U. S. government, these securities are
viewed by the financial markets as virtually free of financial risk as well as protected from inflation. The
securities offering was oversubscribed at a base interest rate of just over 3.5 percent. Specific discount-rate
values appropriate for usein BLCCA are discussed in Chapter 5.

Because the three components of the discount rate are typically small fractions, the second- and third-order
terms in the discount-rate equation above are sometimes neglected to yield a frequently used approximation

DR = cc+ fr+ pi
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Aslong as inflation rates and required risk premiums are low, errors associated with this approximation
remain relatively small. The federal-agency discount rate (6.3 percent as noted above) may then be
understood to represent a“real” cost of capital of about 4 percent and an anticipated inflation rate of just
over 2 percent; U. S. government debt is widely judged to be “risk-free,” i.e., to warrant no risk premium.
Financial intermediaries such as mortgage lenders may charge 2 to 4 percent over thisrisk-free level, to
cover their costs of doing business and the risks of hon-payment and higher-than-expected inflation. A
transportation agency might do likewise when considering substantial capital investments that effectively
divert public funds from other potentially productive opportunities.

Uncertainty

Because the various parameters used in BLCCA—e.g., costs, condition, time when actions or events are
likely to occur—are uncertain, a stochastic approach to BLCCA isneeded. At the core of this stochastic
approach is the principle that key parameters will be specified not as single numbers but rather as
probability distributions.

Figure 2.4 Typical probahility density functions
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Figure 2.4 illustrates the shape of mathematical functions typically used to represent stochastic variablesin
engineering and financial analysis. The*probability (x)” isin these cases an estimate of the probability
that a parameter “x” will occur in the range around a specific value “a,” [a *+ [}, where [T isvery small.
Because “x” will always have some value, the area under these probability density functionsis always
equal to unity.
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Figure 2.5 Examples of discrete probability density distributions
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A simpler form of probability distribution will often be used to represent many uncertain parametersin
BLCCA, formed from a few specific values assumed to be plausible for the parameter in question (see
Figure 2.5). For example, the time required for a bridge-deck’ s surface condition to deteriorate from its
value at the end of construction to alow level that warrants a deck overlay might be estimated as 11 to 15
years (assuming normal maintenance). |If the analyst feels the need for the overlay is equally likely to occur
in any one of the five one-year periods of this range (example A), the probability of its occurring in any
particular year is 20 percent for years 11 through 15, and 0 otherwise. If he or she has some reason to
assume otherwise, greater probability may be assigned to one or another period (e.g., example B), aslong
as the total probability assignmentstotal to 1.0 or 100 percent.

Regardless of the specific form used for a probability function, three characteristics of the function warrant
particular consideration. The “mean” isthat value E1 of the parameter “x” such that P[x 0 E1] = 0.50;
i.e., “x” isequally likely to be greater than or less than the mean. The mean of the distribution in Figure
2.5, example A, is13.0 years, in example B, it is 13.1. (The means of the two distributions shown in
Figure 2.4 are the same value, 100.) The “median” isthat value E2 of the parameter “x” that is the halfway
point when all observations or measurements are listed according to magnitude; i.e., half of al observations
of “X” will belessthan E2. Because all values of “x” must equal one of five values within the range of 11
to 15 years, the median in both example A and example B is 13.0. Finaly, the “mode” is that value E3
with maximum probability of occurrence. In Figure 2.4 the mode is the value of “x” where the distribution
curve peaks. In Figure 2.5, example B, the mode is the values 13 and 14; for a uniform distribution (e.g.,
Figure 2.5, example A) or a distribution with multiple peaks, the idea of “mode” is not particularly useful.

BLCCA may often be conducted using a best estimate of an uncertain parameter as a basis for estimating
(inturn) a probability function for the likely range of that parameter. The analyst bases the initial “best
estimate” on limited available data, his or her judgement, or perhaps default values suggested in a guidance
manual. Considering whether the best estimate represents a mean, median, or mode is useful in developing
adistribution to be used subsequently in the BLCCA, such asthat illustrated in Figure 2.6.
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Figure 2.6 Probability density distributed on “best estimate’
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In this example, the “best estimate” is both the mode and the median of the distribution; the mean is 105.

When an analysis includes many uncertain parameters described by various probability distributions, the
BLCCA computation becomes very complex. Monte Carlo simulation is awidely used computer-based
method for dealing with these computations. The computer uses each probability distribution to randomly
select avalue for each parameter in the analysis and then uses the specific sampled values to compute the
desired outcome parameter, e.g., total present value of a bridge and its management strategy. Successive
repetitions of the process yields a set of output computations that is then used to calculate the probability
distribution for the outcome parameter. Complex, multi-parameter models such as those encountered in
BLCCA typically require several thousand computation repetitions to produce a usable result.

The form of this result, the probability distribution of the outcome parameter, depends on the form of the
input or independent parameters and the computational relationship of these inputs to the outcome
parameter. For the types of relationships typically encountered in BLCCA—e.g., deterioration models and
discounting of future values—-and “well-behaved” input parameters—e.g., with distributions such as those in
Figures 2.4, 2.5, and 2.6-the resulting outcome distributions are likely to have aform similar to the curves
illustrated in Figure 2.4. The analyst may then use the mean, median, or mode of the distribution as a “best
estimate” of the outcome, corresponding to the estimates used as inputs to the BLCCA.
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The use of Monte Carlo simulation poses a particular problem in the treatment of very rare, low-probability
events. The occurrence of such events, e.g., severe storm-induced flooding, is unlikely to be sampled
adequately with only 1,000 computational repetitions. For example, the probability of a 100-year storm
occurring in any given year is 1 percent; the expected number of computations involving this storm over
the course of simulating, for example, a 50-year planning period, is then 0.5 (i.e., 50 computation
repetitions for each year at one percent probability of occurrence). However, the estimated costs incurred if
the storm does occur are likely to be very large; the expected value of these storm-related costs will then be
asignificant factor inaBLCCA. Assessing the consequences of low-probability, high-cost events-what
was termed “vulnerability costs’” in Chapter 1, therefore requires either a much larger number of
computational repetitions or analysis by other means than the full-scale Monte Carlo simulation used for
routine costs.

Deterioration Models

The relationships between condition and time indicated in Figures 2.1 and 2.2 are represented by
deterioration models that predict the level of a specific condition measure (e.g., fraction of a bridge-deck’s
areathat is spalled) as afunction of abridge-element’s use or wear (e.g., number of passes of the critical
axleload or simply time). While lack of data, lack of knowledge of the underlying physical and chemical
deterioration mechanisms, and the complexity of bridge-element behavior have hindered devel opment of
realistic behavioral deterioration models, several approaches have proven useful in BLCCA.

In one such approach, the condition of a bridge or an element is characterized in terms of a distinct set of
possible “states’ (e.g., good, acceptable, marginal and unacceptable) and possible transitions from one state
to another. An element’s aging or wear is then represented as the successive occurrence of transitions from
one state to another. The probabilities of transition during a defined period of time depend on anticipated
loadings, environmental conditions, management actions, and other important factors and can in some
instances be estimated with models similar to conventional decay, wear, or fatigue functions. Repair
actions undertaken by a bridge-management agency may cause atransition to a better condition state, or at
least change the probabilities of several inter-state transitions. A particularly popular representation for
engineering LCCA applications uses Markov process assumptions in estimating transition probabilities; a
key assumption is that transition probabilities are independent of the element’ s previous states.

Figure 2.7 A simple state-space deterioration model
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Figure 2.7 illustrates a basic state-space deterioration model. The three states might correspond, for
example, to the conclusion drawn from a visual inspection of abridge. The arrows represent transitions
that could occur during a unit of time on which the analysisis based, e.g., one year. Associated with each
arrow is a probability of the transition occurring within asingle time period. The probabilities for all
arrows out of a state will always (by definition) total to unity, i.e., the bridge will always be in some state at
the next time period. Arrows from ahigher to alower condition represent wear, aging, or other
deterioration. Arrows from lower to higher states represent the outcome of repair or rehabilitation actions.
The estimated probability of remaining in the same state, acceptable or better, istypically contingent on
normal maintenance being carried out. If, in each acceptable state, the sum of probabilities of transition to
alower state are greater than the sum of probabilities of remaining in the same state or moving to a higher
state, the “process’ will eventually reach the “not acceptable” state; the mean “service life” is the expected
value of the number of periods required for the system to reach this terminal state.

Another generic approach uses statistical regression to devel op relationships between condition measures
and parameters presumed to have a causal influence on condition. These relationships maximize the
likelihood that the output parameter (i.e., condition) will bein the particular range calculated if the causal
parameters are in their particular assumed range. Such regression equations may be developed for
transition probabilities in a state-space deterioration model as well.

One of the significant advantages of the state-space representation is that it can be applied to both bridge
elements and a bridge taken as awhole. From the point of view of the decision-makers who determine
design, construction, and maintenance budgets, the |ess-detailed perspective is generally adequate. 1t will
not matter that particular elements of the bridge have deteriorated more than others, aslong as overall
performance remains adeguate and maintenance crews can deal with whatever problems they encounter.
Generdlized bridge-level estimates of transition probabilities are then sufficient to support a meaningful
BLCCA.

However, if data are available or the specific situation warrants collection of data to support a more
detailed analysis, transition probabilities may be estimated at the element level. For example, if inspection
reveals that deck cracking and road salt may have caused serious corrosion of reinforcing steel, a specific
study may be warranted, to estimate the probability that the bridge will require substantial repairs within
the next two years.

Level of Detall

In general, BLCCA may consider the condition of all of the distinct elements of a bridge at a very detailed
level, e.g., foundation, columns, bearings, beams, deck, riding surface, drainage structures, expansion
joints, and so on. In practice, limitations on data availability and computational resources as well as basic
understanding of the physical and chemical processes at work in element aging and wear place limits on the
reasonable level of detail for life-cycle cost analysis of an individual bridge.

Each element explicitly recognized in the BLCCA must be represented by a deterioration model that
forecasts the element’ s condition as a function of time, use, management actions, and other events. Some
analysts suggest that no more than three elements compose an adequately detailed description of most
highway bridges: substructure, deck, and superstructure. Generally the types of bridge-management
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actions being considered in a particular BLCCA—e.g., painting, deck overlay, subsurface inspection for
scour—will suggest the appropriate level of detail to be used.

A great deal of inspection detail is now available with modern bridge management systems, but current
practice does not generally concern itself with element-level decision making. Work programs consider the
bridge asawhole. Element-level deterioration modeling can suggest repairs but it cannot provide the
accuracy required for project-level work plans. That must still be determined by the engineer.

Economic Efficiency, Marginal Analysis, and
Bases for Decision Making

BLCCA addresses the issue of efficient use of resources to build, operate, and maintain abridgein an
acceptable condition for a selected period of time. Efficiency isindicated by low total life-cycle cost. The
problem of bridge management is to find a management strategy with the lowest possible total life-cycle
cost. BLCCA does not deal directly with the distribution of costs between the transportation agency and
users or among groups of users. Economists refer to issues raised by the distribution of costs as matters of

“equity.”

BLCCA isused to measure relative efficiency; i.e, one management strategy may be judged more efficient
that another because its expected life-cycle cost islower. The comparison necessarily assumes that the two
strategies will deliver outcomes that are comparable other than with regard to their costs. More particularly,
the element-condition levels that trigger management actions must be similar for all management strategies
if the BLCCA isto bevalid.

The reliance on comparisons gives rise to the need to define a base case for each BLCCA. The present and
forecast future conditions of traffic, physical condition, and the like that may be expected in the absence of
any particular agency initiative provides the basis for defining management-strategy alternatives. Costs of
the strategy alternatives are most appropriately measured as marginal changes from the base case. The base
case represents “business as usual” and has no marginal costs. The base case is thus sometimes termed a
“do-nothing alternative,” although seldom does the base case involve absolutely no action on the part of the
responsible bridge-management agency. Definition of the base case and consequent measurement of costs
can be contentious. Even if the management agency simply stands by and watches a bridge deteriorate,
salary and other administrative costs are likely to be incurred; eliminating the agency and al overhead
expensesis not really an option. Allocating some portion of an agency’s unavoidable fixed costs to the
marginal increases in expenditures being considered under aternative bridge-maintenance strategies can in
some circumstances mask the potential value of repair and renewal actions.

The point is particularly important for defining user costs. The base case will necessarily include
assumptions (at least implicitly) regarding vehicle volumes and loads. The users’ “investment” in a bridge-
repair or renewa action—.e., the user-cost component of the action’s cost—will result primarily from work-
zone congestion and safety hazards. It is certainly plausible and sometimes important that following the
work’s completion, users will have a safer and smoother ride than they might have had if the repairs were
not made; these effects can yield savings (i.e., negative user costs) as compared with the base case. The
computations involved in BLCCA and the resulting conclusions will generally be the same, whether costs
are measured such that the base case is defined as the “no-cost” alternative or not, aslong as all aternatives
are described in a consistent manner. However, the amount of work required to conduct the BLCCA may
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be reduced by focusing sharply on the marginal differences from the base case that a proposed bridge-
management strategy represents.

Future traffic levels, vehicle loads, climate, seismicity, cost levels, and other characteristics of the situation
within which a bridge is to be managed compose the analysis scenario for aBLCCA. Taken asawhole,
the analysis scenario includes all underlying assumptions—e.g., about materials, economics, construction
methods, events that may entail vulnerability costs, and the like—on which the BLCCA depends. It may
sometimes be important to conduct the BLCCA under several different scenarios before selecting a
preferred management strategy. Priceinflation, for example, has frequently been cited (with hindsight) as
the reason why amore costly construction project should have been undertaken and why (today) the lesson
of the past teaches that money spent to avoid future repairsis money well spent.

Asapractical tool, the purpose of BLCCA isto assist decision-makers in comparing alternative strategies
for managing a bridge. Generally the alternative with the lowest expected present value of al costs-.e.,
the sum of routine agency, routine user, and extreme event agency and user costs-will be considered the
“best” choice. For anumber of reasons, however, this may not always be the case. An agency decision-
maker faced with budgetary constraints, for example, may sometimes focus on alternatives with the lowest
expected present value of agency costsonly, i.e., the sum of only those costs representing actual
expenditures of agency budgets, without regard for user costs. Sometimes priority may be given to
alternatives that promise favorable user savings for agency costs, e.g., the greatest ratio of reductionsin
user costs to increased agency costs, as compared with the “least agency cost” option. Sometimes the
conseguences of making a mistake are so undesirable (e.g., having to close a high-volume bridge if anew
meaterial fails to be as durable as promised) that the low-cost aternative is not preferred. Many of these
possibilities represent “risk aversion” and may be analyzed using techniques that rely on utility theory.

This guidance manual nevertheless focuses on “least total present value” as the primary measure of relative
merit for comparing alternative bridge-management strategies.
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Chapter 3 Process and Procedures
The Basic Steps in a BLCCA

Figure 3.1 illustrates the process and basic steps of a BLCCA. Each of these steps will be discussed in the
following paragraphs. A simple example to illustrate the computations is included to accompanying this
discussion. Other more complex examples are presented in Appendix C. More complete descriptions of
the key parameters used in BLCCA computations may be found in Chapter 4.

Figure 3.1 The BLCCA process
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Characterize bridge and its elements The bridge to be analyzed is described in terms of the characteristics
relevant to itslife-cycle cost. NBI and other inventory data, traffic information, inspection reports, and
design information typically will be assembled. If information is available and the scale of analysis
anticipated warrants it, specific elements may be addressed, either exclusively (e.g., if the analysisis
undertaken to schedule a deck replacement only) or within the context of the bridge as awhole.

Bridge information is not the only data required for aBLCCA. Aswill be described in the context of
subsequent steps, descriptions of analysis scenarios, the BLCCA base case, deterioration models,
management strategies, and likely outcomes rely on available data and the analyst’ s judgement.

Define planning horizon, analysis scenario(s), and base case The framework of the BLCCA next islaid out;
the planning horizon is akey variable. Thistime period should be selected on the basis of both the physical
elements to be analyzed and the type of decision to be made. For example, arelatively short period—e.g.,
five to ten years-may be adequate for determining when a deck overlay should be scheduled for a standard-
design highway overpass, while alonger period of two to three decades is more likely to be appropriate for
developing are-painting strategy for alarge bridge. If theissueis possible use of new structural materials,
the analysis period might extend to a century or more. Generally the planning horizon should be at least as
long as the best-estimate service life of the element (under normal maintenance) that is the primary focus of
analysis; this element will then have a very low expected residual value in the base case at the end of the
analysis period.

The principal analysis scenario includes a description of what level of activity (and, at least implicitly, the
annual cost) that will be defined as “normal maintenance,” the condition levels that will be considered
unacceptable or that will otherwise trigger maintenance or repair actions, hazard conditions that will
influence vulnerability costs, forecast traffic and vehicle-load and climatic parameters that influence
element deterioration, discount rate and aspects of agency policy that will influence action-timing or cost.
The discount rate in particular may be estimated using current financial-market conditions or set by agency

policy.

The base case is then described. Typically, the base case includes simply normal maintenance and
vulnerability costs. If the analyst chooses to compute costs of all alternatives relative to the base case, the
base-case total life-cycle cost is, by definition, zero. However, except for those parameters that are set by
policy (e.g., discount rate), it is generally appropriate to specify even base-case parameters as stochastic
variables, described by probabilities of occurrence. In that case, it islikely to be less confusing to the
BLCCA'susersif the base-case total life-cycle cost is computed in the same fashion as for other
management-strategy alternatives.

Define alternative bridge-management strategies A management strategy will be described by the set of
actions an agency plans to take to ensure the bridge remains in acceptable condition throughout the analysis
period. Each action is scheduled to be taken at a particular time, although the precise year in which that
action is taken may be uncertain (e.g., because of other priorities, budget limitations, or contracting
difficulties).

Associated with each action will be a series of outcomes that must also be specified. The bridge’s
condition may improve, for example, and condition-deterioration rates may decline below those of the base
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case. Hazard-vulnerability risks may change also, as reflected by changes in the probabilities and cost
conseguences of hazard-related events. Each action will have estimated agency and user costs as well, also
subject to uncertainty, but estimation of these costsis alater step in the BLCCA.

As described in Chapter 2, avalid analysis of several alternative management strategies requires that a
single analysis period be used. Strategies must be defined to provide acceptable service throughout this
analysis period. Some strategies may then have aresidual value at the end of the analysis period.

Specify/select appropriate deterioration models and parameters The bridge elements and alternative
management strategies will determine the deterioration models to be used in the BLCCA. Analysisof a
deck might use arelatively detailed model of the fatigue and cracking processes at work under repeated
heavy loadings, for example, while analysis of a complete bridge might rely on a simple model of condition
states and probabilities of transitions between states. As described in Chapter 2, the Markov processis a
simple model of this latter type frequently used in deterioration modeling.

The deterioration models will require parameters to describe the specific rates of deterioration anticipated
for the bridge elements under analysis. These parameters may be estimated from available data, adopted
from similar situations or other default values, or based on the analyst’ s judgement.

Estimate costs Each of the actions that together compose a management strategy will entail agency and
user costs. Estimates of these costs, a crucial component of the BLCCA, may depend on how deterioration
ismodeled as well as on the details of the actions themselves and the analysis scenario. For example, if a
bridge-deck replacement is being analyzed and the deterioration model used yields an estimate of the
percentage of the deck’s surface exhibiting severe damage, a parametric cost estimate based on a similar
measure might be used, rather than devel oping a bid-quantities-based estimate. Each cost will typically be
represented as a distribution of values and their probabilities of occurrence; the distribution may be
constructed around a “best estimate.” The estimated costs of particular action and the associated
deterioration models will also be the basis for estimating the residual values of strategies with service lives
not conforming to the analysis period.

Each action will be identified as occurring at a future time period, and its costs may be estimated with
constant prices or taking consideration of possible price inflation. The estimates must be consistent with
the discount rate specified for the BLCCA, i.e., with inflation excluded (a“real discount rate”) or included.
The former approach is simpler and generally acceptable unless differential inflation is anticipated, e.g., if
wage rates are expected to rise much faster than materials prices. Such differential inflation may have a
relatively small impact on agency costs, but much greater consequence for user costs involving time.

Calculate net present values The estimated costs of all actions are discounted to compute their equivalent
present values, using the basic equation presented in Chapter 2 or other relationships derived from that
basic equation (Appendix B). The net present value of each management strategy can then be calculated as
the sum of all costs associated with that strategy including the residual value and terminal cost. If a
stochastic approach is being used, each net present value will be represented by a probability distribution of
its expected value. The calculation may require Monte Carlo simulation.

Review results The complexity of BLCCA using a stochastic approach requires that care be taken in using
the results. Over-reliance on computer-based computational tools and data bases-together treated as a
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“black box” that forecasts the results of an analyst’ s assumptions—can make these results misleading or
simply erroneous. The analyst should review the net present value distributions to ensure they “make
sense” in light of expectations and experience. Sometimes the BLCCA will yield unanticipated results that
reveal important relationships; for example, road-users' time savings may justify paying substantial
premiums for early completion of bridge-rehabilitation work. However, such results should be accepted
only after careful review.

Part of that review may include sensitivity analyses. The stochastic approach to BLCCA inherently tests
sensitivity of the results to uncertainty in many input parameters, but in some cases explicit testing of
assumptions is warranted. Such testing is especially appropriate when two or more alternative management
strategies have approximately the same expected total life-cycle cost (TLCC) but very different
distributions of cost, e.g., agency versus user costs, or when the conseguences of making the wrong choice
are adverse and severe. Analyses of investments proposed to enhance a bridge' s resistance to seismic
damage, for example, may be very sensitive to the estimated risk of damage (probability and cost) with and
without the investment.

Modify management strategies Initial results may suggest that modifying one or more of the management
strategies may reduce TLCC. Such modification can be made and the results computed with relative ease
using computer-based BLCCA toals.

Select preferred strategy The primary purpose of the BLCCA is to identify a management strategy with
least TLCC. However, as noted in Chapter 2, because of the uncertainty of estimating TLCC, there are
several ways that the several indicators identify a“best” aternative, e.g., least total present value of all
costs, least agency cost, and others. In addition, the analyst may use the expected value (mean) of such a
parameter or a value associated with another probability level (e.g., the value of TLCC such that there is
estimated to be only a 20-percent probability that alower value will occur; the mean represents the 50-
percent level).

BLCCA may be used to assess a single strategy compared with the base case. In that application, the
principle concern is whether the defined strategy represents a net saving relative to the base case: does it
have alower TLCC? When there are several strategies under consideration, the decision-maker may wish
to choose, for example, a strategy most likely to have the lowest TLCC.

Figure 3.2 Example of expected TLCC
distributions
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As Figure 3.2 illustrates, the expected values of TLCC may not tell the whole story. In thisillustration, the
analysis shows ( see Appendix D - Calculations) that there is approximately a 40-percent probability that
alternative A, if implemented, will turn out to have a higher TLCC than would alternative B, despite the
latter’ s larger mean expected TLCC. While the analysis indicates the chances are six out of ten that
alternative A is a better choice, a particularly risk-averse decision-maker might wish to study the matter
further, e.g., conduct sensitivity analyses or consider other aspects of the two choices before making afinal
selection. Despite the likelihood that many of the variables used in a complex BLCCA will be represented
by probability distributions that are not themselves normally distributed, the distributions of expected
TLCC resulting from a Monte Carlo simulation will frequently approximate normal distributions.

A Simple Example of BLCCA Assumptions and
Calculations

The bridge The question iswhether, and if so when, to replace the deck of a certain reinforced-concrete
bridge crossing alarge stream in a region with moderate seismic activity. The new deck, if installed, is
anticipated to have a service life of about 20 years, at which time the question may again be faced. The
bridge presently is usable and anticipated to remain so, but is judged to be susceptible to problems (e.g.,
corrosion, loss of structural integrity) that warrant frequent inspections. These problems, if found, could
require the bridge’ s closure; if not found, they could cause substantial damage.

Analysis scenario and base case A continuing state-wide economic recession has effectively placed
constraints on agency budgets; the state may have to borrow against future revenues to fund the
replacement. A market-based discount rate will therefore be used, equal to the interest rate likely to be
charged for general-obligation (GO) bonds, 5.5%. If we assume that 1.5% represents the long-term
inflation rate, then the real discount rateis 5.5-1.5 or 4.0%. The agency estimates that monthly inspections
and normal maintenance of the bridge, both conducted as part of the local district’ sin-house work, cost
about $12,000 annually, but vary with materials prices. Traffic levels average about 22,000 vehicles per
day (Average Annual Daily Traffic, two-way) with 15% heavy trucks. A 25-year planning horizon is
chosen. The following conditions are estimated to represent likely bridge performance if no major action is
taken.

Table 3.1 Rea Discount rate

Variation from best estimate of 4% -0.50% -0.25% 0 +0.25% +0.50%
Probability of rate 0.1 0.2 04 0.2 0.1
Table 3.2 Annual normal maintenance expenditure
Variation from best estimate of $12000 -15% -10% 0 +10% +20%
Probability of cost 0.1 0.2 04 0.2 0.1
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Table 3.3 Annual hazard-vulnerability risk

Event Risk measure (1 year) Estimated risk
Load-related structural Probability of event 0.79 0.15 0.05 0.01
failure Cost, per event $0 $200,000 | $1,000,000 | $3,000,000
Severe traffic accident Probability of event 0.89 0.10 0.01
attributable to deck condition Cosgt, per event $0 $40,000 $1,000,000
Seismic damage Probability of event 0.91 0.05 0.03 0.01
Cost, per event $0 $400,000 | $2,000,000 | $5000,000

In Table 3.3, the event probability and cost columns, for seismic damage, for example, may represent the
probability and expected damage from an earthquake of magnitude 0-4, 5, 6 and 7. For load-related failure,
the columns could represent no damage, secondary damage, damage to primary members and collapse.

The expected costs shown in Table 3.4 are ssimply the sum of the products of costs and related probabilities
of occurrence.

Table 3.4 Expected annual vulnerability cost computation

Event Expected cost calculation Expected cost

Load-related structural 0.79x$0 + 0.15x$200,000 + 0.05x$1,000,000 + $110,000
failure 0.01x$3,000,000

Severe traffic accident 0.89x$0 + 0.10x$40,000 + 0.01x$1,600,000 20,000

attributable to deck condition

Seismic damage 0.91x$0 + 0.05x$400,000 + 0.03x$2,000,000 + 130,000
0.01x$5,000,000

Expected annual vulnerability cost, base case $260,000

For computation of present values, normal maintenance costs are assumed to be incurred at the start of each
year in the analysis period, vulnerability costs at the end of each year.

Figure 3.3 BEase-case activity profile and cash flow
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The probability density function ( Figure 3.4 ) isthejoint probability of annual normal maintenance costs
and discount rate.

Fipure 3.4 Expected base-caze life-cycle normal-
maintenance and vulnerability costs
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The mean expected present value is $4,252,818. Thedistribution is derived by assembling a table of all
expected outcomes with their associated joint probabilities, ranking them in ascending order of cost and
then summing the associated probabilities for all outcomes which fall within a specified interval. The joint
probabilities are equal to the probability of value 1 (discount rate) times the probability of value 2 (cost).
Because the uncertainty in discount rate and maintenance cost are expressed as discrete values and
probabilities rather than continuous probability density functions, it can be difficult to express the results as
aprobability density function rather than a cumulative function. Thisis because the shape of the curveis
dependent on the intervals chosen for the horizontal axis and the shape of the curve can be very erratic.
Figure 3.4 has results grouped into intervals of $50,000. The best fit curve represents the approximate
continuous curve, which fits the discrete values. It should be noted that the vertical axis values are
dependant on the “interval.” Thus even the continuous curve must be interpreted as the probability that a
value is within $25000 of the value on the horizontal axis.

Vulnerability costs are much greater than normal maintenance costs (compare $12,000 per annum with
$260,000), indicating that the agency is risking substantial losses (for the agency and the public) if no
action istaken. This*“conclusion” is consistent with the basic premise under which the BLCCA is being
performed.

Deck-replacement alternative Designing, bidding, and reconstruction of the deck are likely to require about
18 months. Traffic on the bridge will be disrupted to some degree during the actual construction. Once
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construction is complete, normal maintenance cost may be expected to decline substantially; the best
estimate is $4,000 annually (Table 3.6). Vulnerability risk declines generally, although less so for seismic
risk than other sources (Table 3.7 and Table 3.8). Because the bridge islikely to remain in service well
beyond this period, terminal value will not be an important aspect of the calculations.

Table 3.6 Annual nhormal maintenance expenditure with new deck

Variation from best estimate of $4000 -10% 0 +10%
Probability of cost 0.2 0.7 0.1
Table 3.7 Annual hazard-vulnerability risk
Event Risk measure (1 year) Estimated risk
Load-related structural Probability of event 0.95 0.03 0.01 0.01
failure Cost, per event $0 $200,000 | $1,000,000 | $3,000,000
Severe traffic accident Probability of event 0.989 0.010 0.001
attributable to deck condition Cosgt, per event $0 $40,000 $1,000,000
Seismic damage Probability of event 0.91 0.05 0.03 0.01
Cost, per event $0 $400,000 | $1,500,000 | $5,000,000
Table 3.8 Expected annual vulnerability cost computation
Event Expected cost calculation Expected cost
Load-related structural 0.97x3$0 + 002x$200,000 + 0.005x$1,000,000 + $12,000
failure 0.001x$3,000,000
Severe traffic accident 0.989x$0 + 0.010x$40,000 + 0.001x$1,600,000 2,000
attributable to deck condition
Seismic damage 0.91x$0 + 0.05x$400,000 + 0.03x$1,500,000 + 105,000
0.01x$5,000,000
Expected annual vulnerability cost, base case $119,000

Deck-reconstruction life-cycle cash-flow diagram and condition projection

The design-and-construction period, scheduled to begin immediately, will entail agency expenditures and
user costs during actual construction. Normal maintenance will not occur during that period; necessary
maintenance is included in the estimated agency costs of design and construction. Vulnerability costs are
still appropriately charged, although work-zone restrictions on traffic may justify assuming these costs to
be at the lower level anticipated after construction. These agency costs are anticipated to total $900,000,
with 30 percent to be spent in the first year (Table 3.9). These costs are uncertain, asis the likelihood that
the project will be completed as scheduled, but these uncertainties are assumed in this example to be

insignificant.
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Figure 3.5 Deck-reconstruction cash
flow and condition estimates

=

= amlicipated
=] condition |
=
=
s
e
o
Cy
__design &
construction

|
|
|
{not io scale) I
|
I

——yulner ability

__normal
maintenance

5 10 15 20 2% year

cost

Userswill be exposed to congestion and delays during the construction period. Methods for estimating
these costs can themselves be quite involved, as will be discussed in Chapter 4, and may depend on
assumptions about construction scheduling and work-zone controls. For this example, 40 percent of
vehicles are assumed to be delayed by the construction, incurring an average delay of three minutes. The
value of thislost timeis assumed to be $11/hr. The best estimate of user cost for the 22,000 AADT is then
[0.4 x 22,000 veh x (3/60) hriveh x 11$/hr] = $4,840 /day of construction. The best estimate of duration for
traffic disruption is 10 months all in the second year, so that user costs for delay could be [10 mo x 30 d/mo
x 4,840 $/day] = $1.452 million. These estimates are all uncertain.

Table 3.9 Best estimates of costs of deck reconstruction

Annual costs
Cost
Year 1 Year 2 Y ears 1-25 Y ears 3-25
Agency 270,000 630,000 4,000
User 1,452,000
Vulnerability 119,000
Expected present values

Discount rates remain the same as for the base case. The mean expected present value of normal
maintenance is approximately $54,000. The mean expected present value of vulnerability costsis
approximately $1.860 million. Agency and user costsin years 1 and 2, when discounted, have a total mean

expected value of $2.136 million. The mean expected TLCC is then
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Mean expected TLCC = 54,000 + 2,136,000 + 1,860,000 = $4,050,000

which is dlightly less than the similar estimate for the base case. The probability density distribution for the
expected TLCC isshown in Figure 3.6.

Figure 3.6 Expected TLCC with deck
reconstruction
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Reviewing results and reaching a decision While the proposed deck reconstruction has alower mean
expected TLCC, the small difference between the two alternatives warrants attention. The result depends
primarily on the tradeoff between user costs incurred and vulnerability costs avoided by undertaking the
reconstruction.

Note that the agency’ s deck reconstruction “front-end” costs, $900,000 in total, will be somewhat offset by
savings in normal maintenance costs. The mean expected net present value of the deck reconstruction less
the savings in maintenance costs is approximately $700,000; this net investment yields an estimated
reduction in vulnerability costs-.e., agency and public risk exposure—of more than $2 million (Net Present
Vaue) over the life of the new deck. If the analyst feels reasonable confidence in the various cost and
probability estimates incorporated in the BLCCA, then project planning and design should perhaps include
an aggressive effort to reduce traffic disruptions during construction and reduce project duration.

Computational Approaches to BLCCA

This example illustrates how involved a BLCCA can become, even for asimple case. Computer software
designed to support BLCCA can be extremely effective in alowing an analysis to be completed within an
acceptable time and cost, while considering the full range of uncertainties and detail in the analysis.

In the absence of software tailored to the task, basic spreadsheet programs may be used quite effectively.
These programs typically include arange of standard probability functions that represent uncertain
parameters, as well as discounting equations. For small problems (e.g., such as the example presented in
this chapter), the life-cycle-cost computations may simply be repeated for all appropriate combinations of
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the ranges of parametersin the analysis and the probability of occurrence of each resulting value calculated.
Thejoaint distributions of TLCC may then be constructed within the spreadsheet and graphed for easy
review.

For more complex problems, “add-in” programs can enable the user to conduct a true Monte Carlo
simulation using a spreadsheet model. Madifications of the Monte Carlo approach may be made by
stratifying the sampling of probability distributions to increase the likelihood that ower-probability
outcomes are represented in the results. Stratified sampling is widely used in experimental and survey
design. The*“Latin Hypercube” method is one particular approach sometimes used in highway LCCA
(FHWA 1998). Asexplained in earlier chapters, hazard events and their vulnerability costs are typical of
these low-probability outcomes; as shown in the example, these outcomes may also be represented as an
average annual risk exposure.
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Chapter 4 Parameters and Their Estimation

Parameters, Categories, and Their Significance

This chapter catalogs the principal components of cost and other parameters that may be used in the
BLCCA of aparticular bridge. Each parameter is defined, and its importance and applicability as a
component of life-cycle cost are discussed. In contrast to preceding chapters, mathematical notation is used
more extensively here to facilitate the discussion. Mathematical notation in this discussion has been
simplified, however, to enhance clarity at the possible expense of precision.

This discussion presents essentially a stochastic approach to BLCCA, and many of the parameters are
specified as probability density or distribution functions. The term “probability distribution,” as used here,
may refer to either afrequency or density distribution (i.e., for discrete-valued or continuous variables) or a
cumulative distribution. Histograms and frequency curves are most typically used to represent the types of
variables used in BLCCA. The discussion of each parameter includes consideration of the sources of
uncertainty in the particular values that parameter may assume, e.g., statistical variation, lack of data, poor
quality of data, contingency on management policy. The potential sources of data for specifying values of
the parameter and likely quality of these data are also briefly addressed. Chapter 5 reviews a number of
specific studies that may be helpful for estimating BLCCA parameters.

All of the parameters used in BLCCA can influence the outcome of the analysis and hence the bridge-
management decisions based on that analysis. However, certain parameters are more pervasive in their
influence or more basic to the principles of BLCCA and therefore perhaps warrant greater attention. The
following descriptions are presented in an order intended to convey this relative significance:

a Total bridge life-cycle cost metrics and parameters influencing computation of life-cycle cost;
Parameters describing actions, deterioration, hazards, and consequences,

Parameters describing agency costs;

Parameters describing user costs;

Parameters describing vulnerability costs; and

[ I W WO =

Value metrics for decision making.

Total Bridge Life-Cycle Cost Metrics and
Parameters Influencing TLCC Computation

Discount rate (DR) The discount rate, discussed in Chapter 2, is perhaps the single most significant
parameter in BLCCA because of its pervasive influence in computing equivalent present values of future
costs. While a number of important factors may influence the appropriate level of the discount rate to be
used inaBLCCA, in many cases agency policy will determine what rate must be used. In such cases, the
analysts should conduct sensitivity analyses to determine whether the rate used has a decisive influence on
the results of the analysis. The choice of a discount rate can sometimes affect the ranking of various
alternatives. In particular, decisions about controversial projects that hinge on the particular value assumed
for the discount rate may be difficult to defend in a public forum.
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The discount rate is not nearly as important for new bridges because, after the initial cost, most future costs
are heavily discounted and rather insignificant in the TLCC.

Servicelife (3.) and analysis period (TA) For each bridge and each of its elements, thereisin principle a
time period called its service life that represents the estimated time required for the element to deteriorate
from its present condition CO to alevel defined as unacceptable Cf (Figure 2.1). The deterioration occurs
because of physical and chemical processes associated with wear and aging, subject to climate,
geotechnical forces, and other factors. The service life may be shorter than these physical and chemical
processes would suggest when economic or social forces raise Cf to a higher standard and obsolescence
setsin. A great deal of research is devoted to improving ability to forecast S; deterioration models
represent stress fatigue, corrosion, and other underlying processes.

However, the precise value of Sl often depends as much on policy or convention as on scientific data.
Raising or lowering the limit of acceptable condition Cf, for example, effectively reduces or extends the
service life; the relationship is routinely applied when bridge managers judge that an otherwise appropriate
rehabilitation can be deferred when funds are limited and other problems have higher priority. Current
bridge-management practice sets SL in the range of 70 to 100 years for most of a bridge's sub- and
superstructure, and the current AASHTO design code sets adesign life of 75 years. At another extreme,
election cycles and budgeting cycles provide bases for proposals that decisions should be made with no
more than afour- to five-year perspective. In practice, S isatarget, typically assumed to be 20 to 60
years. Agency experience with bridge rehabilitation and replacement can provide a statistical basis for
assuming an initial service-lifevalue. In general, thereis no particular reason to assume that SL isequal to
or different from the “design lifetime” that designers use for making component-size calculations.

The period over which all costs are assessed in a BLCCA, the analysis period TA, may be shorter than SL
for the bridge as awhole and can be defined to encompass any meaningful period of years.. However, TA
should generally be set to equal the best estimate of S for the bridge element that is the focus of the
BLCCA. Analysisof an existing bridge or one for which planning and design expenditures have been
made is useful, however, primarily for exploring the relative costs of future courses of action. All past
expenditures—.e., “sunk” costs—can be neglected in such analyses. By convention, timetypically is
measured from the start of the analysis period.

TLCC and other metrics A bridge’'s TLCC and similar terms used in the previous section are computed as
the total present value [PV], the sum of all costs anticipated during the service life, discounted to their
equivalent value at the beginning of the analysis period. In general,

PV{ [ 0,0 coey)] - RV(TA)}

TLCC =

where:

CC(cy) = cost of type cincurred in year y

RV(Ta) = residual value at the end of the analysis period, y = Ta
Oy sumover all years[y] intheanalysisperiod, y[T a

(S sum over all categories|c] of costs
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By convention, present value refers to the equivalent value at the start of the analysis period (e.g.,y = To
= 0) and includes only costs incurred during the analysis period (To Oy OT ). The calculation of
present value depends on assumptions about discount rates and the length of the service life.

Basic principles of engineering economics provide mechanisms for presenting the equivalence of costs
incurred at different times, in terms of not only their present value PV, but a so their future value FV at
some defined time. This guidance manual generally uses present value as the principal metric for TLCC.
The relationship between PV and FV was stated in Chapter 2:

PV = FVn/(1+ DR
where:
PV = present value of the expenditure
FVn = future value of an expenditure made at time N, typically a discrete
unit of the analysis period
N = number of time units (generally years) between the present and
future times

The concept of discounting may be applied with very small analysis periods, reducing the relationship of
present and future value to a continuous—rather than discrete-equation. The continuous formis not
typically used in life-cycle cost analysis and will not be discussed further in this manual.

A single-amount cost may also be expressed in terms of an equivalent periodic series of costs. For
example, an agency can expect to incur costs for routine maintenance of a bridge; these costs might be
estimated as a series of uniform amounts AV incurred annually over a period of years. The uniform series
of costs may be expressed in terms of an equivalent single lump-sum PV amount using the relationship

PV =  AVx[(1+DR)"-1] /[DR(1+ DR)"]
where:
AV = uniform payment or equivalent average value of the expenditure

As previously explained, “costs’ CC(c,y) may be positive or negative to represent expenditures or receipts
of funds and, unless otherwise specified, are valued at the time they are recorded or incurred; i.e.,, they are
future values (for y[00). Aswasdiscussed in Chapter 2 with regard to the discount rate, general price
inflation or deflation may increase or decrease costs, so costs may be expressed in terms of “current” prices
valued at the time the cost isincurred, or “constant” prices adjusted to a specific date. By convention,
present values PV of costs are generally stated in constant dollars referenced to the start of the analysis
period.
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Cost categories The costs CC(c,y) are of many different types, but may be grouped into three principle
categories: agency costs [AC], user costs [ UC], and vulnerability costs[VC]. That is CC(c,y)} for all years
[y £ TA] in the analysis period and all types|[c] of costs defined as “vulnerability costs.”

TLCC = PV[AC] + PV[UC] + PV[VC] — PV[RV(Ta)]

where:

PV[AC] = PV{0,0. CC(c,y)} for all years[yLT »] intheanalysis period and
all types[c] of costs defined as “ agency costs”

PV[UC] = PV{0,0. CC(c,y)} for all years[yLT »] inthe analysis period and
all types[c] of costs defined as“ user costs”

PVIVC] = PV{0,00. CC(c,y)} for all years[yLT »] inthe analysis period and
all types[c] of costs defined as“ vulnerability costs”

RV(Ta) = residual value at the end of the analysis period, y = Ta

Some analysts make a distinction between costs that are directly observable and measurable and those that
must be inferred from other observations. A distinction may also be made between those costs associated
with the routine business of bridge use and maintenance, as opposed to costs incurred as a conseguence of
extraordinary events (e.g., earthquake, major storm, vehicular collisions). The former distinction is
important primarily for understanding the sources and levels of uncertainty in cost estimates. The latter
distinction isthe basis for defining “vulnerability costs.” These distinctions are considered again later in
this Chapter.

Residual value (RV) What remains at the end of the analysis period has aresidual value that reflects the
remaining useful life left to the bridge (a“residual value’). There can also be aterminal value of its
constituents BCV (e.g., recyclable steel, land) put to an alternate use. If the bridge has no remaining useful
life and the cost of abandonment or removal is higher than what the agency can get selling the parts, the
residual valueis 0 and the terminal value is negative. Generally, residual and terminal values are computed
as

RV+TV = PV(SL) —PV(Ta) + BCV

where:

PV(SL) = present value of all costs for timey 8., the end of the servic elife

PV(TA) = present value of all costsfor timey [T 4, the end of the analysis
period

BCV = opportunity cost of the bridge structure and land including

decommissioning

The quantity PV(SL) - PV(T,) istheresidua valueat timey = Ta.
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A typical approach to developing an independent measure of residual value is based on an estimate of the
bridge's current replacement cost,

Ry =  Re{[BCR(Ta) —BCRW)] / [BCRO) -BCRU)] }*

where:

RC = estimated replacement cost for the structure

BCR(T)) = estimated bridge condition rating at the end of the analysis period

BCR(0) = estimated bridge condition rating at the beginning of the service
life

BCR(U) = bridge condition rating at which the service life is expended

d = an exponent [, typically (2

Some agencies have developed methods for computing residual value or the “ depreciation” factor
{[BCR(X)-BCR(U)] / [BCR(0)-BCR(U)]}¥, where x is an indicator of planned and cumulative service usage.
This parameter [x] typically may be elapsed time (e.g., years), cumulative total traffic volume, cumulative
number of standard axle-loads, or some other indicator of likely level of deterioration or wear since the
bridge entered service or was last reconstructed.

Actions, Deterioration, Hazards, and
Consequences

Bridge costs are incurred generally as a consequence of specific actions taken by a transportation agency to
facilitate road users' activities and by road users (including the general public at large). These actions are
taken during the course of the bridge' s life cycle, which extends in principle from the first time the
development of a bridge structure is considered until that structure is removed from service. For analysis
purposes, the individual costs themselves are assumed to be identifiably linked to specific actions and to
occur at a specific time, aswill be discussed in subsequent sections.

Sometimes these cost-causing actions respond to events not directly under the control of either the agency
or users. These events may occur routinely, such as the development of congestion when traffic demand is
high, or they may be extraordinary, such as scouring and other flood-damage associated with a major
storm. The distinction between actions and events as the cause of costs—a distinction that may be carried
over to the costs themselves, as noted previously—is useful primarily as an organizing concept for BLCCA.
Once the costs and their timing CC(c, y) are specified, al types are treated the same in the BLCCA
computations.
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Figure4.1 Major categories of routine agency actions or events

Design, engineering and regulatory
Acquisitions and takings and other compensation
Construction
Maintenance and repair

Force account versus contracted

Scheduled versus responsive
Contract incentives and disincentives
Demoalition, removal and remediation
Inspections

Scheduled

Specia
Site and administrative services
Replacements and rehabilitations
Miscellaneous routine agency actions

Figure 4.1 illustrates the types of agency actions that can entail costsincluded in a BLCCA.

Figure4.2 Major categories of routine user actions or events

Traffic congestion delays

Accidents

Traffic detours and delay-induced diversions
Caused by load
Caused by clearance restrictions
Caused by congestion

Highway vehicle damage

Environmental damage

Miscellaneous routine user actions

Figure 4.2 lists the types of routine user actions. All of the costslikely to be incurred because of these
actions are termed “routine.”

Figure 4.3 Events contributing to vulnerability costs

L oad-related structural damage
Overload
Fatigue
Collision damage
Traffic collisions
Motor vehicle with structure (vertical, horizontal)
Other collisions with structure (barge, rail, etc)
Earthquake-related damage
Flood-related damage
Scour-related damage
Obsolescence
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Extraordinary events, typically hazard-related (see Figure 4.3), may substantially increase costs or require
specific agency actions to avoid such extraordinary costs. The costs that may be incurred by the agency
and users because of these events are described later in this Chapter.

Deterioration results more or less continuoudly from routine actions (i.e., agency and user) or in response to
extraordinary hazard-related events. The measures of deterioration and consequent costs depend on the
bridge-element and actions or events of interest.

Agency Costs

Agency costs are for the most part directly observable, with unambiguously measurable monetary values.

A key exception is those costs that may be assigned by some agencies as “ overhead” on design and
construction contracts or maintenance spending. Unless there is areason to do otherwise, agency costs are
typically assumed to be incurred at the end of the period in which expenditures actually will occur. Design
and construction costs for new facilities and the like, which are incurred prior to the beginning of the bridge
element’ s use, are assumed to occur at the end of the preparatory period, which is then the beginning of the
analysis period and servicelife.

Design, engineering, and regulatory This type includes al studies, environmental and other reviews, and
consultant contracts prior to solicitation of construction bids for a new bridge or a major rehabilitation of an
existing bridge. Each study or contract may be designated by its costs, allocated to the agency’ s fiscal
years during which funds are budgeted or the years in which disbursements are likely to be made.

The estimated costs in each year are uncertain; that uncertainty is reflected in a probability distribution of
cost variance. Uncertainties arise from changing competitive conditions that influence consultants’ fees,
administrative matters and general price changes that can influence both agency and consultant costs, and
possibilities of public controversy or other unforeseeable events. User judgement and agency experience
are thus the best bases for devel oping both best-guess cost estimates and the probability distribution. Many
agencies devel op best-guess estimates of these costs as a percentage of estimated construction costs, and
such estimates may be used as best-guess cost default values when no other information is available.

Acquisitions, takings, and other compensation These costs include expenditures for both land and
compensation for reductions in land value associated with reduced access, environmental impact or
restrictions, and the like. Compensation for losses of business may be required when bridge closure or
maintenance activities separate an establishment from its customers or suppliers. Agencies may also incur
costs of litigation and compensation when bridge conditions are claimed to cause traffic accidents or
damage to vehicles using the facility, e.g., because of pavement irregularities. The agency’s overall
experience is aprimary source of default estimates for the anticipated level of these costs for a particular
bridge; these costs are generally afunction of the bridge’ s condition and length of maintenance activities.

Construction This type includes administrative and contract costs for development of the bridge and
ancillary facilities, e.g., river-bank revetments, approach roads, or compensation for real-estate partial
takings. Agencies may also include interest expenses and other costs caused by delays in project execution.
However, such costs may be included in the “ Contract incentives and disincentives’ type discussed below.
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Similarly, administrative costs may be isolated from contract costs by placing the former in the type “site
and administration services.”

Costs of each construction project are allocated to the agency’ s fiscal year during which funds are budgeted
or the year in which disbursements are likely to be made. As adefault, the best estimate of these costs may
be distributed uniformly over the period of construction (although the computations treat each year’s costs
as occurring at the year’ s end). Uncertaintiesin the overall estimated costs—and hence the costsin each
year—arise from changing competitive conditions that influence bid prices, unknown site conditions,
weather, and administrative matters and general price changes that can influence both agency and contract
costs. Hazard events, possibilities of public controversy and other unforeseeable occurrences also
contribute to uncertainty. Analyst judgement and agency experience are the best bases for estimating the
probability distribution.

Unit costs and hills of quantities are the most widely used basis for devel oping construction cost estimates
when at least design studies have been completed. In the absence of such studies, parametric cost-
estimating models may be used to develop the best-guess estimate and sometimes a basis for estimating the
cost-variance probability distribution. These models are constructed using stetistical correlations (e.g.,
linear regression) of observed costs and characteristics of bridgesin an inventory, e.g., superstructure type
(steel or concrete), maximum span-length, span height, number of spans, deck area, and the like. Such a
parametric model, developed through regression analysis, typically will have the following form:

Best-estimate cost

A+ bipr+ bopo+ ...+ bpn+ @

where:

p:1 through pn = characteristic parameters, e.g., length, deck area
A bpthroughb, = constants determined by regression

a = error termin the regression

Any construction-cost estimate is uncertain. Analyst judgement and agency experience are sometimes the
only bases for devel oping both best estimates and probability distributions for these costs.

Maintenance and repair This typeincludes (a) periodic activities required to maintain a bridge's condition
at or above acceptable levels, often termed “normal maintenance or “routine maintenance,” and (b) more
substantial actions to repair or replace elements that threaten bridge condition but do not by themselves
represent an unacceptable condition. These activities may be undertaken by the agency’s own forces or
contracted out under avariety of contractual arrangements.

Unusual or aperiodic activities such as repairs following a hazard-related event (e.g., flood damage) or
major rehabilitation necessitated by the accumulated damage of deferred maintenance or overloading are
treated as “ construction” or “rehabilitation and replacement” events. Some agencies consider upgrading
activities, e.g., approach and deck widening, to be “rehabilitations’ as well.
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Periodic maintenance activities may be regularly scheduled—e.g., normal, protective, or preventive
maintenance—or undertaken in response to observed conditions. Maintenance of the latter type could
include painting, deck overlays, and other items warranted by inspections or reports of condition
deterioration. Normal or preventive maintenance activities typically are specified by agency policy.

Costs of these activities are best determined from agency experience. As with construction costs, some
agencies have developed parametric models to predict periodic maintenance costs as a function of bridge-
design and operating conditions.

A more sophisticated approach to projecting both normal and remedial maintenance activity costs relies on
mathematical deterioration models that compute expected bridge condition as a function of traffic-loading,
climatic conditions, age, and other characteristics of the bridge's service history. These deterioration
models typically are developed for particular bridge elements, e.g., steel girders or reinforced-concrete
stringers. A typical form for these models predicts bridge-component condition BCC(y) at a particular time
yas

BCCy) =  I1CC—di[TLRY)] = day®

where:

ICC = initial condition when the component was placed in service or
at its last major rehabilitation

TLR(y) = critical traffic-load repetitions to which the component has been
exposed since it was placed in service or sinceitslast major
rehabilitation

di, dy = component deterioration rates for wear and aging

b, c = exponents determined by theory or observation, typically

recognizing that fatigue and other wear and aging damage
mechanisms accelerate

Traffic-load repetitions typically used are those specified in AASHTO or state design guides, e.g., HS20
rating-vehicle (36 tons) or 18K axle-load equivalents. Condition measures for BCC(y) and ICC may
include overall load or generalized condition rating or characteristics directly observable on inspection,
such as degree of steel corrosion or concrete crack and spalling depths (e.g., FHWA 1979).

As adefault approach to estimating maintenance costs, parametric equations predicting overall bridge
rating may be used. Bridge-rating indices—e.g., the FHWA Sufficiency Rating formula—are widely used to
determine network-level priorities for maintenance of bridgesin a statewide inventory. These indices,
often afunction of rated load capacity, importance in the network, and other factors, typicaly rate a bridge
in afew steps such as “desirable,” “satisfactory,” or “unacceptable.” The “component” in the preceding
equation is then the bridge overall or its superstructure and the condition measure BCC(y) indicates the
bridge rating. Agencies that have devel oped data for network-level bridge management tools such as
PONTIS or BRIDGIT may then use that datato produce initial estimates of appropriate scheduled
maintenance costs for the individual bridge being analyzed.
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Contract incentives and disincentives Some state transportation agencies have begun to use financial
incentives or disincentives in contracts to encourage faster completion of construction and major
rehabilitation repair projects, discourage roadway obstruction, and thereby reduce the duration or severity
of traffic disruptions. These instruments typically take the form of penalties for each day of delay beyond
the contract completion date, charges to the contractor for each hour that atravel lane is blocked (“lane
rent”), or bonus payments for each day that the actual project completion precedes the contract completion
date. These actions may be considered as components of a construction action and the likely costs
estimated from agency policy. Experience with such contracting mechanismsistoo limited to derive
default cost models, although the Florida Department of Transportation has undertaken to document the
impact of that agency’s experience in the form of an Alternative Contracting User’s Guide for its personnel
and has conducted extensive reviews of the agency’s experience with “A+B” bidding, design-build, and
liquidated savings, as well as lane rental and mechanisms for reducing traffic disruption and user costs.

Demoalition, removal, and remediation Thistype of actions refersto bridges that are taken out of service
and partially or totally demolished. In many cases only the bridge’ s superstructure is removed, although
sometimes reconstruction of “natural” landscape and environmental conditions may beincluded in a
project’s scope. While they may be considered as “routing” agency actions, costs associated with these
actions are generally incurred only following extraordinary deterioration. These costs are generally
handled in exactly the same manner as those for construction or rehabilitation or replacement. Agency
experience isthe only practical source for cost estimates. These estimates may be generalized or based on
unit prices and bills of quantities.

Inspections This type includes both regularly scheduled inspections and “ special” inspections made in
response to observed deterioration, extraordinary events (e.g., severe flood), or particular characteristics of
the bridge (e.g. those with fracture-critical members, vulnerable to scour, posted as |oad-restricted or
carrying loads close to the design levels). Some agencies include regularly scheduled inspectionsin their
“normal” or “preventive’” maintenance costs. Agency experience or budgets are the only practical source
for cost estimates. In general, inspection costs are not that significant unless the analysisis trying to isolate
a specific decision such as inspect versus repairing fatigue prone details.

Site and administration services This type refers to agency administrative activities for quality assurance
and payment verification during contracted construction, rehabilitation, and repair work. Agencies may
include these costs with “construction.” Agency experience or budgets are the only practical source for
cost estimates.

Replacement and rehabilitation Bridge replacements may include superstructure only or complete
replacement of foundation, substructure and superstructure. The former action may be termed a “partial
replacement” or a“rehabilitation.” The latter term also is used for large-scale repairs that may include
replacement of elements. In any case, the actions and costs are similar to those discussed previously in the
categories of “construction” and “demoalition, removal, and remediation.”

Miscellaneous agency actions Thistype isincluded to accommodate items unique to a specific bridge or
analysis situation. For example, surveys required to document historic structures or provision for
archeological or specia studiesin environmentally sensitive areas will typically represent significant costs
beyond those required for routine “design, engineering, and regulatory” categories.
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User Costs

User costs typically must be inferred, e.g., from observations of increased fuel consumption and time lost
due to increased congestion and assumed values of that time. Some of these costs may be incurred as
monetary expenses, e.g., increased vehicle fuel consumption, but most are not.

Traffic congestion delays This type includes delays imposed on road users (1) by temporary closures of
bridge lanes for routine maintenance, repair, and rehabilitation; (2) by the congestion that devel ops when
such closures slow traffic and create secondary queuing delays; and (3) by the traffic-impeding effects of
poor roadway conditions. The delaysimposed on road users required to detour to other routes during
longer-term closures are included in the “traffic detours’ category. The costsinclude time lost and
increased vehicle-operating costs due primarily to excess fuel consumption. The traffic delay costs due to
congestion and closure TDC are often estimated by using unit costs, e.g.,

TDCc = [tdC]_ vi + tde; vo + ...+ tde, Vn] DT,
where:
tdcy, tdey, ...tde, = delay cost per vehicle per unit time
for vehicletype 1, 2, ...n
Vi, V2, ... Vi = number of vehicles of type 1, 2, ... n delayed by the action
DT, = average delay time per vehicle due to congestion
and closure

Costs generally increase as a function of the duration of lane closure and traffic volume. Traffic volume, a
key parameter in estimating user costs, is generally stated as vehicles per unit time per travel lane, e.g.,
vehicles per hour per lane (vphpl). Traffic often is measured in terms of passenger-car [pc] units, a
measure computed by using “passenger-car equivalency” factorsto convert the numbers of trucks and other
dow or oversized vehiclesin the traffic stream to an equivalent number of passenger vehicles that would be
associated with similar traffic conditions. The actual number or percentage of trucks in the traffic stream is
a second key parameter in estimating user costs; i.e., “passenger cars’ and “trucks’ generally compose the
minimum number of vehicle types for estimating user costs. In the absence of specific estimates of traffic
volumes on a particular bridge, average two-way traffic flow [average daily traffic, ADT] may be
multiplied by the maintenance-action’s duration (number of days) to estimate numbers of vehicleslikely to
be delayed.

Traffic flow and queuing models may be employed to make relatively precise estimates of the numbers of
vehicleslikely to be delayed and the likely lengths of delay during partial and complete temporary closures.
For relatively short-duration complete closures when traffic volumes are low—e.g., 1,200 to 1,800 vphpl—
gueues are unlikely to grow beyond those that form during the closure. In this case, actual closure time
may be used as a default estimate of delay. These volumes represent typical “saturation flow” rate
observed, for example at signalized intersections, operating under awide range of conditions (e.g., see
Highway Capacity Manual 1994).

Similarly, the estimated change in roadway level of service [LOS] and travel speed associated with
channeling al traffic through a reduced number of lanes may be used as a default for estimating delay
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during partial closures. Relationships among traffic volume, LOS and travel-speed may be available from
local data or taken from the Highway Capacity Manual (1994).

The delay costs per vehicle per unit time [tdc,] typically include at least two components, time value and
direct costs of vehicle operation. Time costs are found through economic studies and will depend on such
factors asindustrial base of the region, population income statistics, and the like; a frequently-used default
value for automabiles is some fraction of the mean hourly wage of employed persons in the region; 50
percent or 100 percent are commonly used. Time value for truck delays will typically be grester because of
estimated consequences of delayed cargo deliveries. Vehicle operating costs will include primarily fuel
consumption during idling; local transportation-planning agencies and the U. S. Department of Energy
typically have available estimates for a variety of vehicle types. Because time coststypically are
substantially greater than vehicle operating costs for traffic delays, average wage rates are frequently used
as adefault for unit delay costs. Many analysts continue to rely on outdated information, not infrequently
referring to decades-old work published by Robley Winfrey (1969).

Under normal operating conditions, bridge-deck riding surfaces become rough (e.g., rutted, cracked,
spalled, potholed) in the absence of corrective maintenance. Increased roughness slows traffic and imposes
delays and costs on the bridge' s users. The average delay associated with deck-surface pavement condition
[DTy] istypically estimated as a function of a pavement-condition index, for example

DTp = alai/ci]?

where:

Cly = condition deterioration index (increasing with roughness)
during the period considered (e.g., one month or one year)

Cle = condition index level considered failure and warranting
resurfacing

Z = empirical or judgmental exponent typically greater than 2.0
(e.g., Purviset al 1994 setsz = 4)

A = unit-delay calibration factor

Traffic detours and delay-induced diversions This category includes costsimposed on road users required
to detour to other routes because a bridge cannot accommodate a vehicle' s weight or size dimensions or
because of bridge closures or severe congestion. Thetraffic delay costs due to diversion [TDCD] are
estimated in the same manner as those due to congestion, e.g.,
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TDCo = [tdeyvy + tdcy vo + ..+ tdcy vi] DT
where:
tdcy, tdey, ...tde, = delay cost per vehicle per unit time
for vehicletype 1, 2, ...n
V1, V2, ... Vi = number of vehicles of type 1, 2, ... n diverted
to another route
DTp = average delay time per vehicle diverted

In many cases, an adequate estimate of the detour costs may be calculated as twice the distance between the
bridge under analysis and the closest aternate crossing [Dp]; i.e., for each type of vehicle [n] diverted,

TDCp = 2 (FPIFC)+ (TVa/S)] Do

where:

FP = prevailing average price of fuel

FC, = average fuel consumption rate for vehicle typen

TVh = unit value of time for vehicle type n, e.g., average wage rate
S = average speed of vehiclen

Vi = number of diverted vehicles of type n

Highway vehicle damage Bridge-deck or work-zone conditions may increase the likelihood that vehicles
traversing a bridge will be damaged, e.g., by rough or uneven pavement, obstructions, and the like. These
costs may be estimated as proportional to traffic levels. To the extent that these costs are repaid to the user
as agency settlements, they will be included in agency costs and should not be double-counted.

Environmental damage Users—i.e., the public at large-may incur costs of environmental damage associated
with bridge management if land is disturbed or atered, pollutants or waste products are permitted to enter
adjacent waters or air, or waste materials are produced and require disposal. These costs arise from
incremental damage greater than that caused by the road system operating under normal conditions. For
example, traffic congestion and diversions increase air-pollution emissions. Bridge painting may deposit
particulate materials (e.g., sand) in surface waters and possibly lead-paint debris aswell. While agencies
may pay direct costs for environmental impact-prevention and remediation activities, agency officials will
typically judge many environmental-damage costs to be unavoidable.

Part of this judgement rests on the difficulty of attributing economic values to environmental damage.
Recently conducted environmental impact studies may contain estimates that can be adopted for bridge-
management analyses.

Business effects This category is similar to environmental damage in that it represents uncompensated costs
imposed on road users and the public at large by disruptions of normal business activity. Enterprises whose
customers, suppliers, or delivery vehicles encounter delays, diversions, or other disruptions of their normal
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activity patterns may suffer loss of business, increased production costs, or both. These losses are directly
measurable in monetary terms, but their estimation is difficult unless a small number of establishments may
be pinpointed as bearing the greatest impact (e.g., al the heavy vehicles that are diverted by aload posting
serve asingle concrete plant). Recently conducted environmental impact studies and “major investment
studies’ for road projects may contain estimates that can be adopted for bridge-management analyses. In
general, it can be said that business effects are a zero sum game where there is no net effect but merely a
redistribution of costs and revenue. However, costs should be included if compensation is paid.

Miscellaneous routine user actions Other user costs that may be incurred as aresult of routine bridge-
management activities include nuisance effects of noise and dust during major repairs and reductions of
access to schools, and health-care, recreational and community facilities. The levels and value of these
costs must be inferred from information about road users and communities served by the bridge under
study. Recently conducted environmental impact studies and “major investment studies’ for road projects
may contain estimates that can be adopted for bridge-management analyses.

Vulnerability Costs

Bridges are sometimes exposed to extraordinary circumstances involving hazards such as flooding, seismic
events, or traffic occurrences that may or may not cause disruption and damage, but that must be
considered by the agency responsible for a bridge’' s management. The agency’s costs to repair damage
sustained because of a hazard event might have been avoided if the bridge had been designed, constructed
or maintained differently. The costs usersincur travelling a circuitous route because a bridge is out of
service similarly have been avoided. These hazard-vulnerability, or simply “vulnerability,” costs may be
very large, but the probability that they will indeed be incurred is typically very small. Because of these
small probabilities of occurrence, Monte Carlo simulation generally is not an effective tool for dealing with
these vulnerability costsin aBLCCA. As previously noted, the problem is the number of trials required for
the simulation to exhibit an occurrence of arare event. In 1,000 simulation runs intended to model a 50-
year analysis period, for example, there is only a 50-percent chance that any damages associated with a
scour-producing 100-year storm will be simulated.

The hazard-exposed bridge faces the potential for damage throughout its service life. An expected annual
vulnerability cost VC(H) may be computed for each potential hazard H; i.e.,

VC(H) = E(c|H), the expected cost given that the hazard H has some impact
= [i[et xpthn]
where:
c(hy) = estimated cost associated with a hazard event h; of intensity i
(e.g. damage repairs caused by an eathquake of magnitude 5.7)
p(hi) = probability of hazard event h; occurring in any single analysis

period, typically expressed on an annual basis
[ = the set of estimated intensities {i} for hazard H
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Figure 4.3 lists the types of hazards H that may typically be included in a BLCCA; climate, geology,
traffic, and other local factors will determine which hazards are in fact included in a particular anaysis.
Only those hazards that are likely to be relevant to the bridge-management strategies under consideration
need beincluded in the BLCCA. Evenin an area subject to substantial seismic risk, for example, the
analysts might reasonably determine that earthquake hazard has little to do with scheduling repainting of a
steel bridge’ s superstructure.

Several simplifying assumptions are typically made in estimating values for hazard probabilities. For
example, hazard events are typically assumed to be independent with respect to types and severity, i.e., for
example

p(earthquake occurs | flood occurs)

p(hy) + p(hy) + ..+ p(h) + ..+ p(hy

p(earthquake occurs), and

p(H), where hazard H may occur
with severity levelsi = 1through S

In other words, the probability that an earthquake of a particular magnitude occurs in any one year is not
dependant on whether a flood has occurred in the same year.

The probabilities of occurrence [p(hy), p(hy)... p(hs), p(H)] are often assumed to be independent of the
bridge's condition but may change with traffic levels or other time-related parameters. The anticipated
costs [C(h;)] are generally dependent on the bridge’s current condition and design characteristics.

L oad-related structural damage Thistype of costs includes losses of structural integrity (or sharply
increased risk of such losses) due to overloading or excessive fatigue in key structural members. The
likelihood of such occurrencesis, generally speaking, a complex, time-varying function of past and current
loading patterns, environmental conditions, material characteristics, and structural configuration.

The precipitating event for load-related structural damage is the bridge' s use by vehicles that exceed the
design loading either in absolute terms or in terms of humbers of repetitions of loads likely to cause fatigue
damage. Models that predict bridge rating-factors or condition indices have been developed for a number
of bridge types—e.g., design geometry and materials (Purvis et al. 1994). The probability of an occurrence
of load-related structural damage [p ()] at timet is then estimated as the joint probability of aloading
(intensity for overload or number and intensity for fatigue) and susceptible condition for that loading. A
conservative default estimate of this probability may be computed as

pL(t) = p(overload damage) + p(fatigue damage)
= [poL + pr] {1-[BCC(t) / ICC]}
where:
PoL = probability of a vehicle of critical load for overload
PrL = probability of a vehicle of critical load for fatigue
BCC(t), ICC = present and initial condition index for the critical
component
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The probabilities of critical 1oads may be estimated from highway-traffic or vehicle-registration statistics.

Currently used bridge-design standards (e.g., AASHTO standards) have been devel oped to minimize the
risk of fatigue failure during the recommended design service life of anew bridge. An analyst might
reasonably assume that a BLCCA of anew or recently constructed bridge need not consider fatigue
separately from overload. In any case, the anticipated cost of repairing service-related structural damages
will be afunction of bridge type and the specific actions needed to reinforce or replace damaged
components. These costs will likely include a special inspection to determine levels of damage.

Collision damage This hazard includes events in which oversized or out-of-control vehicles strike the
bridge with sufficient force or cause fire or chemical-spill damage that threaten structural integrity.
Bridges crossing rail lines or navigable waterways may be vulnerable to collision damage from trains or
barges and ships as well highway vehicles. The probability of these occurrences may be estimated from
agency experience and is typically assumed to be uniform from year to year. A conservative default
estimate of this probability may be computed as

Pc = O p(collision sources)

Sometimes, bridge design or condition and construction or maintenance work-zone conditions may pose
hazards to vehicles and contribute to occurrence and severity of traffic collisions. User costs associated
with property damage, injuries, and loss of life are likely to exceed any compensation that may be paid
from agency expenditures. Traffic accident costs [TAC] are frequently estimated as a function of traffic
volume,

TAC = ACyx ADT

where:

ACy = accident cost factor for bridge with characteristic k
ADT = average daily traffic on the bridge

Statistics collected by the insurance industry and accident records maintained by state transportation
agencies, police departments, and national agencies such as the National Highway Transportation Safety
Administration may be used to develop accident cost-factors. The anticipated cost of repairing collision
damages will be afunction of bridge type and the specific actions needed to reinforce or replace damaged
components. Fire and chemical spills may cause extensive superficial damage, and expenses for load tests
to determine damage may be part of the anticipated costs.

Earthquake-related damage Bridges located in areas of high seismic risk are susceptible to damages that
may warrant adoption of more stringent design standards for moment- and lateral-force resistance. As
experience has shown, damages due to earthquake are often quite extensive for bridges not appropriately
designed and constructed. For example, California’ s moderately severe (7.1 on the Richter Scale) Loma
Prieta earthquake in 1989 damaged only 1 of the 800 bridges designed since 1972 in the jurisdictions
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designated disaster areas. Standards introduced in 1971 required substantial increases in confinement and
shear reinforcing in bridge columns, as compared with earlier designs. Older bridges that had been
retrofitted with hinge-joint restrainers also fared well; engineers agreed afterwards that many of these
bridges would have experienced collapse of spans had these restrainers not been in place (Roberts 1994).

The damage likely to be experienced by a specific bridge will depend on the characteristics of the bridge
and its immediate surroundings, as well as the regional likelihood of an earthquake of a particular severity
and the bridge’ s design and construction characteristics. Local geology and soils conditions may influence
ground motion and accel erations, thereby shifting dramatically the forces a given earthquake imposes on
otherwise similar structures. Estimates of the probability that an earthquake will impose forces of given
intensity and duration, typically assumed to be uniform from year to year, may be based on probabilistic
analysis of earthquake experiencein the area, e.g., using U. S. Geological Survey and Federal Emergency
Management Administration statistics. Estimated probable hazard levels may then include assessed
likelihood that soil conditions will exacerbate accelerations.

Figure 4.4 Hazard and vulnerability criteriaused in CALTRANS bridge assessments

Weighting factor s

Hazard attributes

Peak rock acceleration 38.0%
Seismic duration 29.0%
Soil conditions 33.0%

100.0%

Vulner ability attributes

Y ear designed (constructed) 25.0%
Hinges (drop type failure) 16.5%
Outriggers, shared columns 22.0%
Bent redundancy 16.5%
Skew 12.0%
Abutment type 8.0%

100.0%

Source Roberts 1994

For example, the California Department of Transportation (CALTRANS) uses a weighting scheme (Figure
4.4) to rate the hazard level (e.g., probability of occurrence of damaging earthquake) and the vulnerability
of abridge to damage (e.g., level of cost for repair). Theinitial estimates of probability of peak rock
accelerations and seismic duration typically are based on areturn period of 1000 to 2000 years (Roberts
1994). However, Division I-A of the AASHTO Standard Specifications for Highway Bridges assigns an
Acceleration Coefficient [A] that is multiplied by the acceleration due to gravity [g], such that the product
[Ag] representsthe likely peak horizontal ground acceleration that will occur due to an earthquake
sometime within a 475-year period. This acceleration has a 10-percent probability of being exceeded
within a 50-year time frame (Buckle and Friedland 1994).
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Regardless of the return period used, the occurrence of a damaging earthquake will cause costs for both
agency (e.g., special inspection, repair, or demolition and replacement) and users (e.g., traffic detours and
congestion delays, accident costs). These costs typically may be estimated for a prototypical earthquake
event of a particular severity, based on the bridge' s location, functional role in the network, and traffic
levels. While the earthquake hazard for any bridge includes a range of earthquake intensities, conservative
default estimates of probability of earthquake occurrence [PE] may be derived as

Pe = Probability(earthquake severity Ciminimum intensity to cause damage)

This representation enables use of the Poisson distribution to compute probabilities of severities. A
similarly conservative default estimate of earthquake vulnerability costs [VC(E)] will be based on the
agency and user costs expected if the bridge must be inspected, repaired or completely replaced.

Flood-related damage This hazard is very similar to earthquake, with structural damage due to lateral forces
imposed by high-water flows and impact of flood-borne debris on a bridge’ s superstructure and supports.
(Loss of foundation support due to scour is discussed here as a distinct category of hazard.) Extreme
flooding may also cause erosion of bridge approaches. The hazard is restricted, of course, to bridges that
cross flood-prone watercourses or are located downstream from dams that might fail. However, if the
bridge and its approaches are the source of the flow constriction that causes flooding, then any flood
damage to adjacent lands, buildings, etc. should be attributed to the bridge.

Hydrological data provide the basis for estimating frequency and severity of storm-related flood events.
The flood hazard for any bridge may include arange of storm intensities; a conservative default estimate of
probability of flood-damage occurrence [PF] may be derived as

Pe = Probability(flood-event severity Cminimum intensity to cause damage)

The occurrence of adamaging event will cause costs for both agency (e.g., special inspection and repair)
and users (e.g., congestion delays and possibly traffic detours). These costs typically may be estimated for
aprototypical flood event of a particular severity, based on the bridge’ s location, functional rolein the
network, and traffic levels. Assuming that total replacement would be required will give a conservative
default estimate of flood-damage vulnerability costs [VC(F)].

Scour-related damage Bridge-pier scour, the erosion of foundation materials (i.e., soil and rock) under
bridges crossing water, is a dynamic phenomenon that varies with water depth and angle of flow, pier shape
and width, soil characteristics, and other factors. The mechanisms of scour are not well understood and are
currently the object of active research. The problem is sufficiently widespread and severe-the vast

majority of bridge failures over water are said to be due to the effects of scour—that the Federal Highway
Administration has mandated the evaluation of all highway bridges for scour vulnerability and a nationwide
effort by state and federal agenciesis underway to evaluate actual and predicted scour depths. As reported
by the Transportation Research Board and contractors under the National Cooperative Highway Research
Program, the total budgets of currently active research projects on bridge scour exceed $4 million. The
survey of vulnerable bridges was mandated for completion in 1997. The agency and user costs of scour-
related damage can be comparable with those of earthquake: instability can lead ultimately to catastrophic
failure, possible loss of human life and facility replacement.
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Bridge scour and stream stability inspections are performed to monitor conditions that may result in critical
scour conditions and then provide guidance on appropriate action. The assessment of probability of scour
damage [PS] and likely costs in the event of damage depend on the expertise and experience of inspectors.
Generally, the costs and probability will both depend on the frequency and effectiveness of bridge
inspections. A computer-based “ expert system” currently being developed by researchers at the University
of Washington (named CAESAR, from Cataloguing And Expert Evaluation of Scour Risk And River
Stability at Bridge Sites) to aid in the scour evaluation of bridges, based on case studies at 25 U. S. sites,
may assist the assessment of these parameters. The BRIdge Stream Tube model for Alluvial River
Smulation and sediment transport (BRI- Stars), another expert system microcomputer program that
provides design criteriafor highway stream crossings and flood-plain encroachments, includes a stream-
classification system that may be used to judge probabilities of scour. (“BRI- STARS ...” 1994) Research
projects in a number of states have produced other models that may be used to make default estimates
(e.g., Sheppard 1992).

Obsolescence A number of factors can cause bridge obsolescence, including technological changes (e.g.,
shippers using larger trucks), regulatory changes (e.g., wider travel lanes or shoulder widths), and economic
or socia changes that substantially alter the demands placed on the bridge (e.g., higher-than-planned traffic
volumes and percentage of heavy vehicles). An obsolete bridgeis not necessarily unable to carry traffic or
be otherwise dysfunctional, although these conditions may underscore its obsolescence. Rather, the bridge
simply does not measure up to current needs or expectations. For example, low clearances made many
Federal-aid-system highway overpasses obsolete when the higher Interstate-system standards were adopted.
In each such case, obsolescence imposes agency and user costs or reduces the service life or both. Agency
costs are likely to include expenses related to load posting, special inspections, and use-request permitting.
(e.g., the Texas Department of Transportation issues special permits for heavy trucks to use bridges on the
state’' s Farm-to-Market system). User costs may include detour and business effects.

The National Bridge Inventory includes statistics on bridges classified as “functionally obsolete” because
they do not meet current standards. The FHWA's Coding Guide (FHWA 1995) defines the class as bridges
having one or more deficiencies in roadway alignment, vertical clearance, bridge-deck width,
underclearance, or structural load-bearing capacity. The large number of existing bridges on the Federal -
aid system that fall into the category of “functionally obsolete” illustrates the potential severity of this
hazard. However, there are no generally applicable statistics to support forecasting of future changesin
standards that would cause obsolescence of a currently acceptable bridge. Generally, a bridge with greater
difference between the bridge's current condition and the minimum-acceptable condition will have alower
probability of obsolescence in subsequent time periods (Lemer 1996). The latest version of the coding
guide and errata can be found at the web site: http://www.fhwa.dot.gov/bridge/bripub.htm .

Summary Considerations on Best Estimates of
Costs

Estimating costs and the probabilities that these costs will be incurred is a crucial component of BLCCA,
regardless of the specific types of costs defined and included in a particular management analysis.
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Figure 4.5 Guidance on treatment of cost categories in BELCCA

Agency Coslsincurred by Lhe bridge
owmetfopetator, typically az adual cash
expenditures

User Diredt cash expenses (g, increased
fael uze), in-land losses (e g, titne spett in
congestion caused by lane closure), and oher
losses (e.g, reduced sales for a business)

incutred by bridge users
Normal Coslsinowred az a 1. Everd timing is scheduled and roay vary 1. Cosl accnal is condingenl on everd
result of agency-planned or around scheduled time as result of ocouming
norrrally-ocouting everds, e g, scheduling uneerainy 2. Codl level is esirrated and may vary
overday construciion lmffic 2. Cosl level is eslimated and may wary around around eslimated amoun as
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Figure 4.5 summarizes comments from the preceding sections, regarding how this guidance manual
recommends that costs in the three principal categories should be addressed. The implication of the
guidance presented hereis that “routing” aspects of bridge management and related costs may be addressed
using Monte Carlo simulation or other discrete-event simulation methods, while hazard-related risks
require a different approach, e.g., estimation of expected annual vulnerability costs associated with a
particular management strategy. The discounted present value of vulnerability costs is then one of the three
principal components of abridge’s TLCC.

Other Parameters Influencing Computation of
TLCC

Several other parameters may warrant special attention in the computation of abridge’'s TLCC. However,
in most cases, these parameters will have been addressed within the context of parameters described in
preceding sections.

Timing of actions Unless the discount rate is assumed to be zero, the specific period in which an action is
initiated and its cost incurred will influence the computation of present value of TLCC. When the discount
rateis zero, PV = FV. Some analysts argue that a zero discount rate is appropriate for analysis of
environment-related resources such as clean air and water. Higher discount rates, these analysts assert,
sacrifice the interests of future generations to suit those of present decision-makers. However, others argue
that the uncertainties of the future demand that future costs and benefits be given less weight in decision
making, as is accomplished with discounting. Budgetary crises, political priorities, and other factors
unrelated to the bridge itself may delay or accelerate the timing of particular actions. The consequences of
shifting the timing of actions entailing high costs—e.g., major reconstruction—should be explored during the
sensitivity-analysis stage of the BLCCA.
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Another issue that can arise with timing is time-dependence of actions. For example, one may expect that
the average service life of a deck overlay will be perhaps 12 years. A BLCCA involving a broad range of
management actions and spanning a 75-year analysis period could then include several successive overlays.
The analysts might wish to specify that the service life of each overlay is measured from the time period
during which the previous overlay’s surface is anticipated to reach an unacceptably poor condition.
Because this time period is uncertain, the timing of the subsequent overlay is uncertain aswell. In such
cases, the action’ s timing may be treated as a stochastic variable. A distribution of probability would then
be used to represent the start as well as the duration of the element’ s servicelife.

Maintenance quality The estimated condition of a bridge influences scheduling of inspections, scheduling
and anticipated costs of routine maintenance activities, and likely vulnerability costs. Projected future
condition depends, in turn, on assumptions that necessary maintenance is adequately performed. Failureto
clear obstructed storm drains or expansion joints, for example, can increase probabilities of corrosion and
localized stresses that lead to concrete spalling.

Estimated probabilities of occurrencein virtualy al categories may depend on the probability that routine
maintenance actions are completed effectively and on schedule, throughout the bridge’s service life. This
relationship is abasis for assessing the life-cycle-cost consequences of agency maintenance quality
assurance (QA) expenditures and adoption of explicit maintenance quality control (QC) procedures.
Neglect of routine maintenance and consequently accelerated condition deterioration may be represented in
the BLCCA as a“shifting” of (1) the probabilities of routine agency and user costs from the “best guess”
estimate based on presumed maintenance effectiveness and (2) the probabilities of occurrence of hazard-
vulnerability costs. In general, assuming maintenance either is or is not effective,

P(cost) = P(cost | effective maintenance) P(effective maintenance)
+ P(cost | not effective maintenance) [ 1 — P(effective maintenance)]

In the absence of specific concern for this parameter—* maintenance effectiveness’—one assumes the
probability of effective maintenance, P(effective maintenance) = 1. If an agency has adequate data on
bridge costs, this assumption may be tested, e.g., to compare the rel ative effectiveness of maintenance in
several management districts. In this case, BLCCA becomes the basis for an application of quality
assessment and statistical decision theory.

Availability of special funds Certain government programs that make funds available for special purposes
(“earmarked” funds) or for only limited periods of time may encourage agencies to undertake some actions
sooner than they otherwise might or to defer other actions. For example, the U. S. Interstate Highways
program’s early provision that federal funds were available to cover 90 percent of the costs of new
construction and substantial reconstruction but not recurring maintenance costsis now generally recognized
to have encouraged rapid system expansion, high initial pavement-durability standards, and neglect of
maintenance. The TLCC of a project or aprogram may not be minimized when such strategies are
pursued. For example, some state transportation agencies use computer-based analysis programs to
identify highway project priorities to maximize the federal contribution to state programs, i.e., to “stretch”
state dollars to buy the largest possible amount of new construction. This strategy has longer-term
conseguences of increasing either the likely total system-wide costs of maintenance or the likelihood that
otherwise unacceptable service conditions will have to be tolerated, or both. The impact of special-funds
availability will typically be to shift the timing of certain actionsin the analysis-period activity profile and
cash flow schedule. These shiftswill change the TLCC from what might otherwise have been estimated;

52



NCHRP 12-43
Bridge Life-cycle Cost Analysis Guidance Manual

the magnitude of the change should be estimated with a sensitivity analysis that compares the activity
profiles anticipated with and without the special-funds restrictions.
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Chapter 5 Sources of Cost and Deterioration
Information

Data Requirements and Likely Sources

BLCCA can place substantial demands on an agency’s data resources. It has been generally acknowledged
that statistics collected for the National Bridge Inventory compose an inadequate data base for effective
life-cycle cost estimation and bridge management (Thompson and Markow 1996). The NBI was never
intended to supply the level of information required to conduct life-cycle cost analysis but there are few
other generally available sources of useful data. Researchers are therefore often restricted to using data of
the sort collected for the NBI to develop element deterioration models, e.g., Sherer and Glagola (1994),
Madanat et al. (1997). The analyst’s judgement will often be a useful source of “best estimates” for
BLCCA parameters until acomprehensive and directly relevant cost and deterioration database is
assembl ed.

Parameter values found in other bridge-management situations may be a valuable basis for or supplement
to thisjudgement. Agencies that use bridge-management tools, for example, will have inventory-wide
average values for many parameters that may be used asinitial default estimates of appropriate parameters
for BLCCA of anindividual bridge. Many states have in fact collected data for network-level bridge
management and devel oped unit-cost estimates (Turner and Richardson 1994, Thompson and Markow
1996). Similarly, highway cost-allocation studies sponsored by the Federal Highway Administration are
producing a data set that may be useful in calculating default values for many parameters (e.g., see Laman
et al. 1997). These cost-allocation studies seek to devel op tools to apportion damage due to fatigue in steel
bridges and cumulative damage to concrete decks as a function of truck class, weight group, and highway
class; e.g., current models consider the impact of 20 vehicle classes and 30 weight groups on each of 12
functional classes of highway.

Figure5.1 Agenciesreporting ability to estimate agency costs, of 33 survey respondents

Land acquisition 19
Mobilization 23
Traffic control 23
Environmental 16
Planning 14
Design 29

Source Thompsom and Markow 1996

Although many states have collected bridge-cost data, the scope of that data varies widely. Agency costs
are most easily assembled and are most widely available; all agencies, of course, maintain records of their
costs and have some capability to estimate construction costs. Thompson and Markow (1996) reported that
33 state agencies responding to a 1994 survey indicated they had available at least some maintenance cost
datafor their state-owned bridges. However, some states have only force-account and day labor cost data
while others have only contract-maintenance records. Few states have made the effort to assemble historic
data and develop unit-cost estimates. Only 29 states of the 33 responding in the 1994 survey reported the
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ability to estimate design costs for state-owned bridges (see Figure 5.1). An additional complexity is that
agency costs should be all-inclusive and include items such as administration, overheads and the like. Not
including these cost components underestimates the total agency cost. Even “do-nothing” alternatives can
have these costs. Fixed costs can be ignored when comparing aternativesif those costs are the same for all
alternatives being considered.

User-cost data are even scarcer. Ten states indicated use of vehicle-operating costsin their management
analyses, and fewer considered travel-time costs, crash costs, or pollution costs. Only six states reported
using user-cost models specifically for bridge studies (i.e., as compared with safety programs or
pavements).

Of the states reporting any applications of user-cost data, North Carolina, Washington, and Utah appear to
have the most extensive databases. North Carolina, in particular, has assembled an extensive database on
some 14,000 bridges in that state’ sinventory (e.g., see Isa-Al-Subhi et al. 1989, Johnston 1993, and
Johnston and Lee 1994). Indiana, lowa, and other states have assembled data that may be useful but
generaly are less comprehensive or unavailable (e.g., Fanous et al. 1990 and 1991; Saito and Sinha 1990,
Sinhaet al. 1991; Green and Richardson 1993; Ruinen and Bell 1993; Pennsylvania 1987). Pennsylvania's
data, for example, have not been made available to researchers because of the state-agency’s concerns over
pending litigation.

Studies of vehicle fuel-consumption behavior provide bases for estimating vehicle operating costs (e.g.,
Waters 1992, Automotive 1992), and data from less-devel oped regions may be adapted to U.S. bridge
applications (e.g., Archando-Callao and Faiz 1994, Watanatada et al. 1987). In the absence of other
information, user-cost estimates may be based on the average vehicle-operating costs estimated by the
Internal Revenue Service and used in federal-government cost-reimbursement contracts (e.g., $0.325/mile
in 1997) and the average per capitaincome level of the region to which the analysisrefers.

Information on local climate, geology and soils conditions is required for assessment of vulnerability costs.
Local conditions may have dramatic influence on flooding, seismic-related ground motion and
accelerations. Estimates of the probability that an earthquake or storm will impose forces of given intensity
and duration, typically assumed to be uniform from year to year, may be based on probabilistic analysis of
experiencein the area, e.g., using U. S. Geological Survey and Federal Emergency Management
Administration statistics. Estimated probable hazard levels may then include assessed likelihood that soil
conditions will exacerbate accel erations.

General Guidance on Assumptions

Raw datais not particularly useful in BLCCA. Research and analysis are required to produce estimates of
key parameters such as service lives, deterioration rates, and monetary values of user costs. The AASHTO
Manual on User Benefit Analysis... (1977, the“AASHTO Red Book”), for example, continues to be widely
used as a source of information for dealing with inferred user costs, despite the substantial changes that the
U. S. economy and transportation system have undergone since that document’s publication. The
MicroBENCOST computer software package automates many of the manual’s procedures. Researchers at
the Texas Transportation Institute (TTI) developed MicroBENCOST under a National Cooperative
Highway Research Program project to revise and update the 1977 AASHTO Manual. The two-piece
software package includes a main program that performs economic analyses and an update program that
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can be used to customize and update portions of the default values of unit operating costs, maintenance
costs and other parameters (McFarland, et al. 1993). Much of the updating in the project involved
conversion of traffic relationships to conform to those in the 1985 Highway Capacity Manual. Researchers
have been working to devel op more up-to-date and easily-used benefit-estimation methods, athough many
methods stop short of assigning monetary values to such factors as commitment of environmental resources
(e.g., wetlands) (Guidance for Estimating 1998). Contingent valuation methods—which use surveys of
individuals' responses to hypothetical situations that explore their willingness to pay or be compensated for
changesin a particular “good,” e.g., time spent in traffic—show considerable promise in dealing with this
problem (see, e.g., Contingent Valuation 1993)

Estimates of the consegquences of bridge-management actions, e.g., work-zone congestion during pedestrian
walkway repairs, that underlie subsequent costs often can be made using generally accepted relationships or
studies of analogous situations. The Highway Capacity Manual (1994), for example, iswidely used to
estimated changes in roadway level of service, travel speed, and possible queue formation associated with
channeling all traffic through a reduced number of lanes; time lost may subsequently be estimated. The
HCM has recently been updated (at the end of 1997) and a software package rel eased that automates many
of the procedures for speed and delay estimation. The University of Florida' s Center for Microcomputers
in Transportation ( McTrans) maintains a catalog and distributes this and other software (see
<http://mctrans.ce.uf.edu/>). The FHWA has sponsored studies (e.g., FHWA 1989) that may be used to
estimate crash costs and other consequences of work-zone management. The U. S. Department of Energy
and Environmental Protection Agency have sponsored studies on the relationships of fuel consumption and
air pollution emissions to motor-vehicle speed and idle time (e.g., Duleep 1995, EPA 1992).
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Appendix A Glossary

Glossary Introduction

Bridge life-cycle cost analysis (BLCCA) is a specialized application of the principles and practices of
engineering economics. BLCCA also employs concepts adapted from civil and environmental engineering,
other fields of economics, finance, and the social sciences. Each discipline uses terminology that may have
precise and generally accepted meaning among specidists in that field, which may differ from the
terminology of other fields and common use. The following terms are defined as they are used in this
guidance manual. (Terms shown in italics are themselves defined in this glossary. Symbols or acronyms
follow those terms that are so identified frequently in the text.)

Action

The application of resources to accomplish something related to a bridge; the basic unit of a management
strategy, typically identified by its description and timing (e.g., apply a four-inch asphalt deck overlay in
year 12); actions have anticipated costs and outcomes.

Agency Cost (AC)
Cost incurred by an agency responsible for bridge management; typically an actual expenditure of money

(e.g., amonetary cost) for construction, maintenance and operation of a bridge; actions entailing agency
costs include inspections, normal maintenance, construction, repairs, and land acquisition.

Analysis Period

The time period, typically measured in years, over which costs of a bridge-management strategy are
evaluated; same as time horizon, planning horizon, but not necessarily the same as service life.

Analysis Scenario

Conditions—e.g., of traffic, climate, agency budget allocations, regional economy—assumed to hold during
the analysis period, that influence the BLCCA; characterized by such parameters as discount rate,
estimated probabilities of severity and cost of seismic events, unit costs for normal maintenance, and the
like; a BLCCA may employ several analysis scenarios, especially as part of the sensitivity analysis.

Base Case

The management strategy and analysis scenario assumed to apply in the absence of any particular agency
initiative, sometimes termed the do-nothing alternative, although the base case will generally include at
least normal maintenance at historical levels.

Best Estimate

The anticipated value of a parameter—e.g., cost of an action, service life of an element—based on available
data, judgement, or current policy; may or may not represent a specifically defined statistical measure such
as expected value or mode.
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Bridge Element

See element.

Bridge-Management Strategy

A management strategy for a bridge or group of bridges; the object of BLCCA.

Bridge-Management System (BMS)

A set of rules, guidelines, and procedures used to identify a management strategy; the term has usually
been used to refer to computer programs such as PONTIS or BRIDGIT that organize and automate these
rules, guidelines, and procedures; often include storage and organization of inventory and inspection
information, maintenance scheduling, and work-program optimization.

Condition

A concept characterizing how well abridge is suited to fulfill its function at a particular instant, typically
measured in terms of specific parameters such as alowable load level, quantity of deck cracking, or an
inspector’ s judgement.

Consequence

An outcome of a particular action or event, possibly modified by subsequent actions and events, that may or
may not be directly and functionally related to the particular action or event; e.g., a consequence of not
sealing bridge-deck cracks may be extensive spalling of the Portland-cement concrete surface.

Cost

A measure of resources used in planning, design, construction, operations, maintenance, and other activities
that provide a bridge and its services to a highway network; see also direct cost, indirect cost, inferred cost,
non-monetary cost, agency cost, user cost, vulnerability cost.

Deterioration Model

An abstract representation, typically expressed as a mathematical relationship of time or use and condition,
of how a bridge element will respond to wear and aging; commonly used techniques for formulating
bridge-element deterioration models employ theory of Markov processes or regression analysis.

Deterministic Approach

Computation of aBLCCA using asingle set of input values assumed to be to only likely values and
therefore producing a single estimated value of total life-cycle cost for a management strategy; compare
stochastic approach.

Direct Cost

A cost incurred explicitly for and as a consequence of a bridge-management action; see also indirect costs.
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Discount Rate (DR)

The exponent value used to compute the equivalent present value of a future cost; the effective discount
rate accounts for inflation, the relative financial risk of an investment, and the time value of money;
compare interest rate, inflation rate, real discount rate.

Do-Nothing Alternative

The base case, typically implying a bridge receives little or no agency funding in the near future.

Element
A portion of abridge for which a deterioration model is at least implicitly adopted in aBLCCA; elements
are generally identifiable as unique parts of the bridge system, defined by differing function and

deterioration characteristics, e.g., decks, railing, beams, bearings, joints, piers, abutments; may be the
bridge asawhole.

Event

An occurrence during the BLCCA analysis period that has one or more consequences for a bridge’ s total
life-cycle cost; typically characterized by its description and probability of occurrence (e.g., the “ 100-year
storm,” atraffic collision involving fatality); may be rare, periodic, extraordinary, or routine.

Expected Value

A mathematical parameter used in probability and statistical computations, the quantity “A” such that the
probability that a continuous random variable “x” islessthan or equal to A isP[x O A] = 0.50.

Extraordinary Cost

A cost incurred as a consequence of arare event.

Finite Service Life

An anticipated service life of definite length, assuming no maintenance or normal maintenance; compare
infinite service life.

Future Cost

A cost anticipated to be incurred in the future; may be estimated at constant prices, neglecting potential
price inflation, or at prices anticipated to be “current” when the cost isincurred.

Hazard

A source of risk, e.g., seismicity, flooding, soil instability, fire, vehicle collisions; typically characterized
by probabilities of occurrence and anticipated severity of events.
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Indirect Cost

A cost associated with bridge-management action, either an agency cost or user cost; see also direct costs,
inferred costs.

Inferred Cost

A cost whose value cannot be directly determined from a market transaction, involving no identifiable
exchange of funds, e.g., the value of road-users' time lost as a consequence of bridge-repair actions.

Infinite Service Life

A concept associated with defining a management strategy that will, if continued indefinitely, prevent a
bridge’ s condition from ever reaching an unacceptable level; not the same as an infinite analysis period, in
which an entire bridge may be assumed to be replaced upon reaching the end of its service life.

Inflation

Increase of the general price level of goods and services used in bridge management; typically measured as
aannual percentage rate; compare discount rate and interest rate.

Interest Rate

The cost of funds used by an agency or enterprise, typically representing the current financial-markets
assessment of the opportunity cost of capital; not necessarily the same as the discount rate used in BLCCA.

Internal Rate of Return

The discount rate such that the net present value of a stream of present and discounted future costs and
savings or revenuesis exactly zero.

Lane Rental

An amount established by contractual agreement that a construction contractor will pay or have deducted
from payments for work done, payable for occupancy of a highway traffic lane to facilitate construction
progress; also the concept of using such an incentive to complete construction sooner than the contract
period.

Life Cycle

The segquence of actions, outcomes, events, and consequences that characterize a bridge’ s design,
construction, and use through its service life.

Life-Cycle Activity Profile (LCAP)

A graphical representation of the life cycle, typically shown as points along a horizontal axis indicating the
time of an action of event’s occurrence and one or more lines perpendicular to the axis indicating the
magnitude of consequent costs and times these costs are incurred.
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Life-Cycle Cost Analysis (LCCA)

A mathematical procedure for evaluating the economic efficiency of a management strategy.

Management Strategy

A set of actions and their timing for developing, deploying, operating, and possibly disposing of a bridge or
other major asset; typically stated within the context of certain experience-based rules or standards of
professional practice.

Markov Process

A mathematical representation of wear, aging, or other processes, frequently used to represent highway
pavement and bridges, comprising a set of two or more condition states (e.g., acceptable, not acceptable)
and the probabilities that the element represented (e.g., bridge deck), will remain in its present state or have
changed to another state in the next time period; in the classic Markov model, transition probabilities are
independent of the element’ s condition history and constant with time.

Monetary Process

A cost whose value is determined or determinable from a market transaction, e.g., purchase or bid; compare
non-monetary cost.

Monte Carlo Simulation

A numerical method for estimating the probability distribution of a parameter that depends on several
stochastic variables, whereby repeated computations are made using randomly sampled values of the
independent variables.

Network-Level Analysis

BLCCA for agroup of bridges linked in a highway network rather than individual bridges; generally based
on system-wide average cost estimates and deterioration models, although results may be presented on a
bridge by bridge basis, e.g., PONTIS; compare project-level analysis.

Non-Monetary Cost

A cost incurred through a means other than a market transaction, whose value must be inferred; see
inferred cost.

Normal Maintenance

The actions routinely undertaken by an agency to inspect and care for its bridges; may be sensitive to
changesin policy or budgetary constraints.

Obsolete

A condition of being antiquated, old-fashioned, or out-of-date, not meeting current needs, expectations, or
standards; not necessarily broken, worn out, or otherwise dysfunctional; e.g., an obsolete bridge may still
carry traffic.

66



NCHRP 12-43
Bridge Life-cycle Cost Analysis Guidance Manual

OQutcome

The result or effect of an action, possibly influenced by subsequent actions and events; e.g., the expected
outcome of painting a particular bridge is that the service life will be extended by 10 years; see also
conseguence.

Planning Horizon

The BLCCA analysis period.

Present Value (PV)

The value of acost incurred at some future time expressed as the amount that would be equivalent if that
cost were incurred now, computed as a function of the discount rate and time period between now and the
anticipated time when the cost will be incurred.

Project-Level Analysis

BLCCA for aspecific bridge, including site-specific variables and constraints.

Real Discount Rate

The value discount rate excluding inflation but allowing for anticipated financial risk and time value of
money; compare interest rate, inflation rate.

Rehabilitation

Action that returns a bridge to a condition approximating that of a newly constructed bridge; renewal.

Renewal

See rehabilitation.

Repair

Action that corrects afault or flaw in an element threatening to make a bridge’ s condition unacceptable.

Residual Value

The present value of the total bridge life-cycle cost computed for an analysis period equal to the service
life, less the present value of the bridge for an analysis period shorter than the service life, under the same
management strategy; the value of the bridge’ s remaining lifetime at the end of the BLCCA analysis
period. Where appropriate the present values should include the costs of decommissioning the bridge.

Risk

A concept entailing a specific hazard and the consequences of exposure to that hazard; e.g., an agency
adopting particular inspection policies may increase or lower the risk that a seismic event (hazard) will
cause substantial damage to structural members with unseen corrosion damage.
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Routine Cost

A cost incurred as a consequence of normal activities of a bridge's use.

Routine Maintenance

Normal maintenance.

Scenario

See analysis scenario.

Sensitivity Analysis

A computational technique for considering the significance of uncertainty in assumptions underlying the
BLCCA, by systematically varying one or another of these assumptions by a predetermined amount and
calculating the outcome, e.g., total bridge life-cycle cost; changesin outcome that are proportionatel ey

larger than changes in assumptions indicate assumptions to which the outcome—an hence the decision to be
made-are relatively sensitive.

Service Life (SL)

The period of time from a defined instant, typically the end of construction or the beginning of the analysis
period, until abridge’s service condition declinesto an unacceptable level; AASHTO recommends that
new bridges be designed for a 75-year service life; specific values of service life depend on specification of
amanagement strategy.

Stochastic Approach
Recognizing uncertainty in the bridge-management problem by computing the BLCCA using probabilistic

distributions of input values and thereby producing an estimated distribution of values of total life-cycle
cost for amanagement strategy; compare deter ministic approach.

Terminal Value

The value of a bridge, associated land, etc. at the end of its service life less the cost of decommissioning.
Time Horizon
See analysis period, planning horizon.

Time Value of Money

A concept attributing greater value to funds now available, as compared with an otherwise equal amount
not available until some future time, based on a proposition that the funds in hand may be productively
used; the opportunity cost of capital.
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Total Bridge Life-Cycle Cost (TLCC)

The sum of all costs anticipated during the service life, discounted to their equivalent present value at the
beginning of the analysis period; as presented in this guidance manual, the sum of all routine agency costs,
routine user costs, and the vulnerability cost (see also routine cost).

User Cost (UC)

A cost borne by bridge users, for example, increased fuel consumption and time lost due to congestion
during repairs.

Vulnerability Cost (VC)

An amount representing the expected value of annual extraordinary costs anticipated under a particular
bridge-management strategy, typically including both agency costs and user costs.
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Appendix B Standard Present-Value Equations

Standard Present-Value Equations Introduction

The following equations are frequently used in BLCCA. Theinitial equation, relating the value of costs as
measured at the future time they are incurred to an equivalent present value, is the basis for al other
relationships. Uniform- and increasing-series resource flows starting in afuture year, for example, can be
converted to an equivalent single future value and then that single future value converted to an equivalent
present value at the start of the analysis period.

One-Time Future Event

FVy
(1+ DR)
where
Py = present value (e.g., atthe beginning of yvear 1, {= )
FVw = future value at wear M (e.g., for resource flow occurring at the end of vear
WNoE= M)
DR = discaunt rate
A
FV
value
>
N time (t)

Equal Annual Events

(1+ DRV -1
PV = e
DR+ DR)
where
i = value (e.qg., future, at the end of the vear resource flow occurs) of uniform
periodic resource flows commencing at the end of year 1 (= 7) and
concluding with a final flow at the end of year N [ = N)
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vaue

>
N time (t)

This equation is useful, for example, for representing periodic maintenance expenditures.

Linearly Increasing Annual Events

1 Ta+pRY-1 ]
PV =C = - N
DR(1+ DR) DR
where
= = value (e.g., future, at the end of the year the final resource flow occurs) of
periodic resource flows {SAY, increasing linearly in steps G/,
commencing at the end of year 1(f= 7) and concluding with a final flow
of C atthe end aof year N (f = N)
A
G
vaue ‘ ‘ ‘
N time (t)

This equation is useful, for example, for representing user costs that are afunction of alinearly increasing
traffic volume.
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Exponentially Increasing Annual Events

The proceeding formula may be used for this situation, if the discount rate is replaced with a composite

factor PDR.
(1+ DR)
PDR= —
(1+ GR)
where
EH = growth rate of the exponentially-increasing amount.
A
C
value ‘ ‘
N time (t)

For example, user costs are sometimes projected to be afunction of traffic level,

U = Ax ADTox (1 + GR)"
where
UC = total annual user costs in year n
pil = constant unit user cost, e.q., per vehicle per day
AT, = base-year traffic, average vehicles per day

and traffic is growing at the exponential rate GR. The composite factor PDR is sometimes referred to as a
“pseudo discount rate.”

72




NCHRP 12-43
Bridge Life-cycle Cost Analysis Guidance Manual

Appendix C Computational Example

Computational Example Introduction

The following computational example is more complex than the example presented in the main body of this
report but is neverthel ess presented for illustrative purposes only. The example and the assumptions it
includes are not intended to represent actual bridges or to recommend one type of management strategy
over another. The strategy alternatives have been defined to make hand calculations feasible and
uncertainties have in some cases been exaggerated to more clearly illustrate the BLCCA methodology. In
the following discussion, expected values will be computed to illustrate hand calculations; a spreadsheset
analysisisthe basis for discussions of values other than these expected values.

The choices of appropriate deterioration models, user-cost relationships, and the like in a particular
BLCCA are the responsibility of agency personnel performing the analysis. The number of uncertain
variablesin practical situations can be rather large, necessitating the use of computer-based solution
methods.

The Problem

The problem posed for this analysis is selection of a design for a new 100-m-long bridge likely to have the
lowest total life-cycle cost over the bridge’ s lifetime. A new “high-performance” design has been
proposed, which its proponents assert will offer both extended service life and higher load capacity than the
standard 36-tonnes capacity of “conventional” designs, a potentially valuable characteristic because thereis
a definite possibility that the legal truck load limit will be increased in the jurisdiction. Three alternatives
are defined for analysis:

1 Conventional steel design;

2. Conventional concrete design; and

3. High-performance design, transverse-deck post-tensioned concrete with high-
performance concrete deck.

Traffic volume upon opening is projected to be 3,500 vpd, with 15 percent trucksin the traffic stream, and
is projected to grow at 1.5 percent annually. The peak-hour traffic represents 15% of the average daily
flow and 60% of the peak-hour traffic travelsin the peak direction. Maximum demand is then 315
vph/lane; two travel lanes will likely be adequate for all traffic until perhaps 95 years in the future, when
peak demand will reach alevel of approximately 1,320 vph/lane, the estimated capacity of asingle travel
lane. The bridge width is then estimated to be 11 m, out-to-out. In the event that the bridge is not available
to traffic, the shortest detour route will add 20 km to the average trip of bridge users.

Agency policy requires that an 80-year analysis period should be used for decisions involving new
construction. Agency policy also specifies that inflation should generally be neglected and a “real”
discount rate of 6 percent should be used in the analysis. The agency’s legislative liaison staff recommend
estimate a 40% probability that the increase in legal load limits will occur; if it does, the new limit will
become effective approximately ten years in the future.
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Alternative 1 Conventional Steel

Agency costs Studies and design work prior to construction are estimated to cost $100,000. The estimate
isjudged to be relatively reliable, so no probability values will be assigned; i.e, the probability that these
costs will be $100,000 is assumed to be 100 percent.

Construction cost is estimated at $2,000,000 total, including final design work; construction is scheduled to
take two years following a one-year final design period. It should be noted that initial costs for an
alternative are often the largest cost component in the total life-cycle cost since they receive the least
discounting and thus their estimate and distribution in time can be very important. For simplicity, the cost
is assumed to be paid half in year 2 and half in year 3. This alternative would open for service at the start
of year 4. Because thisisanew bridge, to be constructed under “greenfield” conditions and with minimum
need to work within existing roadways, we neglect user costs, e.g., for traffic delays, during construction.

Using the basic one-time-event discounting equation, the present value of the best estimate of construction
cost is

PV

$1,000,000 / (1.06)? + $1,000,000 / (1.06)*
$1,729,616.

However, competition among bidders, changesin material prices, or other cost variances could influence
the final construction cost, so the cost will be treated as uncertain:

Contract/final cost 10% below At estimate of 10% above 20% above
estimate $2,000,000 estimate estimate

PV of cost $1,556,654 $1,729,616 $1,902,577 $2,075,539

Probability 0.10 0.60 0.20 0.10

The expected value of the final construction cost discounted to time zero can be calculated as,

EVo

$1,556,654x0.10 + $1,729,616x0.60 + $1,802,577x0.20 +
$2,075,539x0.10

$1,781,504.

The expected value is generally a better value to use than the best estimate since it reflects the “average” or
mean cost rather than the median cost. 1n general, uncertain costs can be represented by a distribution that
is skewed to the l€eft: i.e., there is more cost uncertainty to the up-side that to the down-side. For this case
the best estimate is less than the expected value.
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If we were conducing an analysis including uncertainty, the individual PVs and probabilities would be used
instead of the expected value.

We will assume that the bridge is inspected every two years at a cost of $1,000 per occurrence. This can be
treated as a uniform annual payment of $500 per year for 80 years using the standard uniform-annual-
payment formula.

PVgo = $500 x [ (1.06)* — 1] /[0.06 x (1.06)*"]
= $8,255.

However, the inspections will not start until year 6, two years following the completion of construction.
The present value of the first four paymentsis then deducted (i.e., $500 are accrued in years 5 and 6 for the
first inspection):

PV, $500 x [ (1.06)* — 1] / [0.06 x (1.06)"]

$1,733.

The estimated present value of inspections then is $8,255 - $1,733 = $6,522; we will treat this number as
relatively certain.

Thisis asteel bridge and will require periodic repainting. We will assume that these painting projects can
be carried out from beneath the bridge and do not involve any disruption to traffic; i.e., there are no
painting-related user costs.

The likely agency cost is uncertain, as repainting methods could reduce future repainting costs and new
paints may last longer; on the other hand, environmental regulations may become more stringent. To
model these uncertainties individually would be excessive for hand calculation, so we will make
simplifying assumptions; the paint-job’s service life is estimated to be 15 years, with a 10% chance of
being only 12 years and a 20% chance of being 18 years; estimated cost is $150,000, with a 20% chance of
being 20% less and a 20% chance of being 30% more. The following table summarizes these assumptions.

Servicelife 12 years 15 years (best est.) 18 years
Probability 0.10 0.70 0.20
Cost $120,000 $150,000 $195,000
Probability 0.20 0.60 0.20
Expected cost 0.20 x $120,000 + 0.60 x $150,000 + 0.20 x $195,000 = $153,000.
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The best estimate is that repainting will be required in years 15, 30, 45, 60, and 75. The best estimate of the
expected present value of repainting costsis then computed as

PVe

$153,000/ (1.06)" + ...+ $153,000/ (1.06)"
$108,169.

This can be considered the median value. If we assume that costs and timing are independant, a better
value can be calculated by considering all possible combinations:

PV = 0.10 x [153,000 x (1.06 %% + 1.06%* +1.06 % + 1.06*® + 1.06% + 1.067%)]
+ 0.70 X [153,000 X (1.06® + 1.06%° + 1.06™% + 1.06%° + 1.06 )]
+ 0.20 x [153,000 x (1.06 %8 + 1.06% + 1.06™* + 1.06 )]

= $106,860.

Another recurring maintenance item will be replacing the asphaltic deck overlay every 10 years. Assuming
that the overlay costs $25/m? to replace and that the deck areais 1000m?, the cost of each replacement
overlay is $25,000. We will assume that the timing and cost are not uncertain; the present value of overlay
costsis then

PV $25,000 x (1.06™ + 1.06 % + 1.06*? + 1.06** + 1.06™

+1.06% + 1.06 %)

$27,658.

The table summarizes the agency costs estimated for Alternative A. The expected present value of agency
costsis approximately ACA = $2,076,000.

User costs The deck-overlay replacements will clearly produce traffic delays and road-user costs. Assume
that one lane of the two-lane bridge will be closed to traffic for a 5-day period each time the deck is
resurfaced. Using the Highway Capacity Manual, the one-lane capacity is estimated to be 1,340 vph,
which is not expected to be exceeded until after year 80. We will assume that until that time delays are
incurred only during periods when both lanes are blocked, which we estimate to occur 6 times each day
during replacement, for approximately 30 minutes each time.
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Alternate A Timing Best estimate cost Expected PV
Cost item €3) (©)

Plans and studies year 0 100,000 100,000

Design & years 1-2 2,000,000 1,781,504

construction

Inspections every 2" year in 1,000 per inspection 6,522
service

Painting 12 to 18 year 153,000 per project 106,860
intervals

Deck overlay 10 year intervals 25,000 per project 27,658

replacement

Total agency cost for $2,022,544

Alternative A

Assume that hourly traffic demand during closuresis 6% of ADT, equal to 210 vph initially and grown to
240 in year 12. During the closure, vehicles form a queue that we estimate will clear at arate of 2
veh/min. once the lane is reopened. The number of vehicles delayed in each direction is then estimated to
be approximately 40 per closure, or 240 vehiclestotal per day. Over the 5-day reconstruction period, the
total vehicles delayed is 1,200 in year 12. The number will increase proportionally to total traffic volume.

We estimate the unit time costs of delay, including both time and vehicle-operating cost, to be $25.00/hour
for trucks and $5.00/hour for other vehicles. With trucks accounting for 15% of the traffic stream, the best-
estimate unit cost is computed as $25 x 0.15 + $5x 0.85 = $8.00/hr.

User costs associated with the first resurfacing (at year 12) are then calculated as

uc = (vehicles delayed) x (average delay) x (cost per unit delay time)
UCpp= 1,200 x 0.50 x $8.00
= $4,800.

This cost will increase proportionally to traffic levels in subsequent years when the deck overlay is
replaced. Total discounted expected user cost is calculated as
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PV[UC{] (4,800 x 1.06 %)+ (5,571 x 1.06 %)+ (8,465 x 1.06%?)
+ (7,503 x 1.06 %)+ (8,707 x 1.06™°%)+ (10,105 x 1.06%?)

+ (11,727 x 1.06 %)

= $6,452

Strengthening If the legal load limit isincreased, some trucks will have to be diverted or the bridge will

have to be strengthened. If the increase occursin year 10 and we assume that 20% of future truck traffic
will have to be diverted over a 20-km detour, then the number of equivalent vehicles diverted during the
remaining analysis period will be potentially substantial:

heavy trucks = 365 x 3,500 x 15% X 20% X O p=101080 (1.015)"
365 x 14,590

5.325 million vehicles

We estimate the diversion cost will include added travel time of 0.4 hr/veh and vehicle operating cost of
$0.65/km. The unit user cost will then be

UC/vehdiverted = 0.4 hr x $25/hr + 20 km x $0.65/km
= $23

Thetotal user cost in each year nis

uc, = $23 x 365 x 15% x 20% x 3,500 x (1.015)"

Calculated for the years 10 through 80, discounted to their equivalent present value and summed, these
annual user costs add up to an estimated total user cost of

PV[UCH] $12,276,500.

Alternatively, the agency may choose to strengthen the bridge when the load limit israised. We estimate
the total cost of this strengthening will be $350,000, incurred in year 11, and that the strengthening will
occur only after the load limit requirement is increased and that strengthening will take 4 months. The
present value of this expenditure is $184,376. In addition, there will be four months of user-diversion cost,
inyear 11, computed to be
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$23 x 365/3 x 15% x 20% x 3,500 x (1.015)"*
$881,198

and the discounted present value is $464,204. Note that even 4 months of diversion costs far exceed the
cost of the strengthening. The agency may want to consider strengthening before the load limit israised. It
could also be argued that the overload vehicles are not there now and won’t use the bridge until it is
strengthened, thus making their user costs very indirect.

We assume the agency will choose to strengthen the bridge if the load limit is increased and that the
strengthening can be accomplished with no major disruption to normal traffic using the bridge. We use the
agency’ s legidative liaison estimate of a 40% probability that thisincrease will be enacted (with the cost of
strengthening then incurred) to estimate that the expected present value of costs for this action is

AC = (0.4 x $184,376) + (0.6 x 0)
= $73,750.

uc = (0.4 x $464,204) + (0.6 x 0)
= $185,682

Vulnerability Costs The bridge isin a moderate earthquake zone and will be damaged during a severe
earthquake. It isassumed that this vulnerability is constant throughout the life of the structure and is
defined as follows:

Intensity 0-3 4 5 6 7
Agency cost 0 $500 $4,000 $100,000 $2,000,000
User cost 0 0 $10,000 $500,000 $2,000,000
Probability 0.738 0.20 0.05 0.01 0.002

Costs vary from a cursory visual inspection at low earthquake intensities to potential collapsein a severe
earthquake. The annual expected value can be calculated by multiplying the costs by the probabilities.
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Agency portion 0.738(0) + 0.20(500) + 0.05(4,000) + 0.01(100,000)

+ 0.002(2,000,000)

= $5,300.

User portion 0.738(0) + 0.20(0) + 0.05(10,000) + 0.01(500,000)

+ 0.002(2,000,000)

= $9,500.

EV = $5,300 + $9,500 $14,800.

and using the annual payment formula the present value of the annual vulnerability cost of $14,800 is:

VC = $14,800/ 0.06 x (1.06%° — 1) / (1.06)*°
$244,335.

Residual value We have implicitly assumed in the analysis so far that the overall bridge will remain safe
and serviceable-subject to adequate completion of the inspection and maintenance actions included in the
management strategy we have assumed-for the entire 80-year analysis period. We further have assumed
that the overall condition will reach an unacceptable level approximately in year 80. In this case there
would be no residual value assumed for the structure.

However, we recognize such an assumption may be unreasonable; our experience with the deterioration
modelsincluded in PONTIS and BRIDGIT lead us to estimate that the bridge' s overall condition, as
measured by the NBI rating, could decline to an unacceptable level (an NBI rating value of 3) asearly as
year 60, requiring a major rehabilitation or replacement. If the bridge must be replaced at year 60, we
estimate that the replacement cost would be similar to initial construction plus a significant premium to
maintain traffic flow during the reconstruction period. We estimate that user costs will be insignificant if
contract incentives to maintain traffic service levels are used, but the agency’ s costs would total

$2,400,000, net of any savings on painting and deck resurfacing that will be avoided. The new bridge will
then almost certainly have a service life extending well beyond year 80; assuming deterioration occursin
equal annual decrementsin rating index over a 60-year period, from an initial level of 9 to the unacceptable
level of 3, the replacement construction cost, incurred in year 60, will be only one-third “used up” by year
80. We therefore estimate the value of the bridge in year 80 to be $1,600,000; discounting to present
values gives $2,400,000 / (1.06)® = $72,754 for the replacement and $1,600,000 / (1.06)% = $15,123 asthe
residual value.

On the other hand, we estimate the bridge’s overall service life could extend well beyond year 80, in which
case the condition at year 80 could be rated as acceptable; we estimate the rating at year 80 could be 4. In
this case the accumulated wear and aging of the bridge will have “consumed” approximately 83% of the
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original investment in structure, based on the change in rating over the 80-year period, (9-4)/(9-3). The
“remaining” 17% of the service life implies a best-estimate Residual value of $340,000 at year 80;
discounted to its present value, thisfigure is $3,214.

SL =60 years SL =80 years SL > 80 years
(NBI rating)g = 4

Replacement, year 60 $72,754 0 0
Replacement value, $15,123 0 $3,214
year 80

Probability 0.40 0.50 0.10

We estimate the probabilities of the three outcomes, and then compute the expected present value of the
residual value, RV and the agency costs.

ACa =  0.40x$72,754
= $29,102.

RVa =  (0.40x$15,123) + (0.50 X $0) + (0.10 x $3,214)
= $6,37L

Total life-cycle cost The expected present value of TLCC of Alternative A, “conventional steel,” isthen
estimated to be approximately TLCCA = $2,555,494:

TLVWA ACA +UCA +VCA-RVA

= ($2,022,544 + $73,750 + $29,102) + ($6,452 + $185,682)
+ $244,335 - $6,371

= $2,555,494.
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Alternative 2 Conventional Concrete

Agency costs As with Alternative A, studies and design prior to construction are estimated to be $100,000
and relatively certain. Construction costs have been estimated at $2,200,000 with greater uncertainty than a
conventional steel design. Design and construction are estimated to take three years with the construction
cost distributed equally in years 2 and 3.

Contract/final cost 20% below At estimate of 105 above 25% above
estimate $2,200,000 estimate estimate

PV of cost $1,552.062 $1,902,578 $2,187,964 $2,378,222

Probability 0.10 0.60 0.20 0.10

The computation of present values and expected value of design and construction costs is then exactly
similar to the computations for Alternative A. The expected value of final construction costsis

EWv $1,760,000x0.10 +$2,200,000=0.60 + $2,530,000x0.20 +$2,750,000x0.10

$2.277.000.

or expensed over years 2 and 3 and discounted to present value

EVo

$1,138,500/( 1.068 ¥+ $1,138,500/( 1.06)°
$1,969,168.

This alternative would also have an inspection program estimated to be identical to that for Alternative A.
The discounted present value of that program’s cost is then the same as that for Alternative A, $6,522. No
painting program is required, and we estimate the needs for deck resurfacing to be the same as those for
Alternative A.

Alt B, Titning Best-estimmate Expected PV (5
Cost Item cost (F)
Planz and studies year [ 100,000 100,000
Design & years 1-2 2,200,000 1,969 164
construction
[nspections every 2 year in 1,000/inspection 6,522
SETVICE

Decl-overlay 1 0-yr interwvals 25.000/project 27,658
replacement
Total agency cost, $2,103,348
Alt B
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The agency costs for Alternative B are then similar to those for Alternative A, as the table summarizes.
The expected present value of agency costs is approximately ACB = $2,103,000.

User costs The deck-overlay replacement schedule is anticipated to be similar in cost and uncertainty to
that for Alternative A. The expected present value of user costs associated with these overlaysis then equal
to that of Alternative A, $6,452.

Strengthening costs The issue of truck-diversion versus strengthening the bridge will apply to Alternative

B aswell. We estimate the total cost of strengthening in this case will be $440,000, incurred in year 11.
Thisamount is still well below the estimated user costsif the strengthening is not done; we assume the
agency will choose to make the expenditure. The present value of this expenditureis $231,787. In addition,
asfor Alternative A, there will be four months of user-diversion cost, computed to be $881,198; the
discounted present value is $464,204. Using the agency’s legislative liaison estimate of a40% probability
that the load-limit increase will be enacted and the cost of strengthening incurred, we estimate that the
expected present value of vulnerability cost for Alternative B is

AC = 0.4 x ($231,787) + 0.6 x (0
= $82,715

uc = 0.4 x ($464,2047 + 0.6 x (0
= $185,692

Vulnerability Costs The bridge isin a moderate earthquake zone and will be damaged during a severe
earthquake. Costs are expected to be similar to the steel bridge. It isassumed that this vulnerability is
constant throughout the life of the structure and is defined as follows:

Intensity 0-3 4 = 6 7
Agency Cost ] $500 £4,000 f100,000 F2,000,000
User Cost 0 0 F10,000 £500,000 £2,000,000
Prohabhility 0.738 0.20 0.05 0.01 0.002

Costs vary from a cursory visual inspection at low earthquake intensities to potential collapse in a severe
earthquake. The annual expected value can be calculated by multiplying the costs by the probabilities

= 0.728(0) + 0.20(500) + 0.05(4000+10000) + 0.01(100000+500000) +
0.002(2000000+2000000)

$14.800

and using the annual payment formulathe present value of the annual vulnerability cost of $14,800 is:
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$14800/0.06 * (1.06% - 1)1.06)%
$244 335,

Wi

Residual value Aswith Alternative A, we have implicitly assumed in this analysis that the overall bridge
will remain safe and serviceable-subject to adequate completion of the inspection and maintenance actions
included in the management strategy we have assumed—for the entire 80-year analysis period. We further
have assumed that the overall condition will reach an unacceptable level approximately in year 80,
implying there would be no residual value for the structure.

However, again such an assumption may be unreasonable; our experience with the deterioration models
included in PONTIS and BRIDGIT lead us to estimate that the bridge’ s overall condition, as measured by
the NBI rating, could decline to an unacceptable level (an NBI rating value of 3) as early as year 60,
requiring amajor rehabilitation or replacement. If the bridge must be replaced at year 60, we assume a
lower-initial-cost superstructure replacement might be used; we estimate the agency’ s costs (including a
significant premium to maintain traffic flow during the reconstruction period) would total $1,800,000, net
of any savings on deck resurfacing that will be avoided. We then assume that deterioration progresses as
was described for Alternative A: equal annual decrements in rating index over a 60-year period, from an
initial level of 9 to the unacceptable level of 3. The superstructure replacement construction cost, incurred
in year 60, will be one-third “used up” by year 80. We therefore estimate the value of the bridge in year 80
to be $1,200,000; discounting to present values gives $1,800,000 / (1.06)%° = $54,566 for the replacement
and $1,200,000 / (1.06)*° = $11,343 as the residual value.

On the other hand, we estimate the bridge’'s overall service life could extend well beyond year 80, in which
case the condition at year 80 could be rated as acceptable; we estimate the rating at year 80 could be 5. In
this case, the accumulated wear and aging of the bridge will have “consumed” approximately 67% of the
original investment in structure, based on the change in rating over the 80-year period, (9-5)/(9-3). The
“remaining” 33% of the service life implies a best-estimate residual value of $600,000 at year 80;
discounted to its present value, thisfigure is $5,671.

SL =60 yrs SL =80 yrs SL = B0 yrs
(MBI tating, =5
Superstructure, year 60 $54,566 0 0
Residual walue, year &0 $11,343 0 $5.671
Probability 0.20 0.70 010

We estimate the probabilities of the three outcomes and then compute the expected present value of the
residual value, RV and the agency costs.
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ACH = 0.20 x $54 566
= $10813

e = 0.20x$186123+070x$0+010x$5671
= $3.582

Total life-cycle cost The expected present value of TLCC of Alternative B, “conventional concrete,” isthen
estimated to be approximately TLCCB = $2,487,788:

TLCCa ACg + UCp + Vg - RVp
($2,103,348 +$92,715+810913)+ ($6,452+$185,682) + ($244 338) - $3,8592

$2,630853

Alternative 3 High Performance

Agency costs This alternative is based on the use of transverse deck post-tensioning, high strength
concrete, a high performance overlay, galvanized steel and a higher design-load capacity. We anticipate
this design will age and wear well, offering an extended service life for the bridge overall and certain of its
components. We anticipate that studies and preliminary design costs prior to construction will be higher
than the conventional alternatives, alikely total of $150,000. Final design and construction costs also will
be higher, estimated at $2,500,000 and with some uncertainty. Aswith the other two alternatives, fina
design and construction are estimated to take three years with the cost distributed equally in years 2 and 3.

Contract/final cost 1 5% below estimate $2.,500,000 10% above estimate 20% ahove estirnate
PV of cost $1.837.717 $2,162,020 $2.378,222 $2,504424
FProbability 0. 10 n.a0 n.z2o 0.10

The computation of present values and expected value of design and construction costs is then exactly
similar to the computations for Alternative A. The expected value of final construction costsis

Ev $2500000x(085x010+10x060+110x020+1.2x0.10)

$2,562 500

or expensed over years 2 and 3 and discounted to present value

E%n

$1,281,250/(1.08 2+ $1,281,250/( 1.06)°
$2.216,070.

This alternative would a so have an inspection program estimated to be identical to that for Alternatives A
and B. The discounted present value of that program’s cost is then the same as that for these other two
Alternatives, $6,522. No painting program is required.
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We estimate that the epoxy-concrete deck overlays used in this design will require replacement only once
every 25to 30 years. We estimate the agency’s costs for these replacements will be $100,000. We
estimate that two overlay cycleswill be required, at years 30 and 57. Even though the $200,000 investment
to be made over the analysis period apparently exceeds that for the conventional asphaltic concrete overlay,
deferring the need to make investment yields savings: the discounted value of the overlay costsis

Py = $100,000 % [(1/1.06%) + (1/1.06%7

= $21,022
“Wariation from "best estimate" ($12,000) -15% -10% n +10% +20%
Frohahility of cost 010 0.20 0.40 0.20 010

The agency costs for Alternative C are then summarized in the table. The expected present value of agency
costsisACC = $2,393,614.

User costs Each deck-overlay replacement will have user costs similar to those incurred for a conventional
alternative, but there are only two occurrences. The estimated costs are calculated in a manner similar to
that for Alternative A, based on anticipated traffic levelsin the years when replacements are anti cipated.
Total discounted expected user cost is calculated as

B 275/1.06% + 9 380/1.06%
$1.431.

PYIUCT]

Strengthening costs This alternative will have a load-capacity rating that will remain adequate if the legal
load limit isincreased. There are therefore no strengthening costs estimated for Alternative C.

Vulnerability costs The bridge isin a moderate earthquake zone and will be damaged during a severe
earthquake. Costs are expected to be less than for a conventional design due to the incorporation of energy
dissapators at the abutments and other considerations. It isassumed that this vulnerability is constant
throughout the life of the structure and is defined as follows:

Intensity 0-3 4 5 6 7
Agency Cost ] 0 F500 £4,000 F100,000
User Cost 0 0 0 $10,000 £500,000
Probabhility 0.738 0.20 0.05 0.01 0.002
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Costs vary from a cursory visual inspection for alevel 5 earthquake to plastic hinge formation in a severe
earthquake. The annual expected value can be calculated by multiplying the costs by the probabilities.

Ev 0.738(0) + 0.20(0) + 0.05(500) + 0.01(4,000+10,000) + 0.002(100,000+500,000)

$1,3658

and using the annual payment formulathe present value of the annual vulnerability cost of $1,365is

YT

$1365 /0.06 * (1.06% - 1)/01.05)®
$22,535

Residual value Alternative C is an extended-life design; we anticipate the overall bridge will not only
remain safe and serviceable—subject to adequate completion of the inspection and maintenance actions
included in the management strategy we have assumed—for the entire 80-year analysis period, but also that
the overall condition will be higher than a just-acceptable level in year 80.

Deterioration modelsincluded in PONTIS and BRIDGIT are less helpful for unusual designs. Werely
instead on research studies and the designer’ s judgement to estimate that the bridge' s overall condition, as
measured by the NBI rating, at year 80 be at least 5 and possibly 6. Estimating the effects of accumulated
wear and aging as in our analyses of Alternatives A and B, we anticipate the bridge will have 33% to 50%
“remaining” service life, a best-estimate residual value of approximately $833,000 to $1,250,000 at year
80. We estimate the probabilities of these two outcomes to be equally likely and compute the expected
present value of the residual value,

Rve = (050 x $833.000 + 0.50 x $1,250,000)(1.06)%
$9,940

Total life-cycle cost The expected present value of TLCC of Alternative C, “high performance,” isthen
estimated to be approximately TLCC. = $2,407,740:

TLCCe

ACc + UCe + Wt - BEVe
F2.393 614+ %1431 +$22535- $9,840
$2 407 740

Reviewing the Results

The table summarizes the expected total life-cycle costs of the three alternatives.
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Expected PV of costs

Cost components
Alt & Alt. B alt C
“conventional steel” “conventional concrete” “high performance”
Agency cost (AT 2,125,394 2,206,974 2,393,614
Uzer cost (1JC) 192,134 192,134 1,431
Vulnerability cost (WVC) 244,335 244,335 22,535
Residual walue (RV credit) 6,371 3502 0840
Expected TLCC, rounded $32,555,404 $2,630, 853 $2,407 740

Alternative C, the “high performance” design, offers the lowest total life-cycle cost but also the highest
agency cost. This conclusion depends rather critically, however, on the assumptions that (1) actual agency
costs and construction costsin particular, the largest component of TLCC, will be close to their expected
values; (2) maintenance activities are carried out as specified; and (3) the bridge-strengthening occurs four
months after vehicle-load limits are increased. The sensitivity of our preference for Alternative C (based
onitslow TLCC) to these three sets of assumptions should be considered. For example, if the user costs
associated with the strengthening are avoided by having the strengthening in place before the load limit is
increased, both alternatives A and B are reduced by $185,682.

Referring back to the estimates of design and construction costs, we can use the predicted construction
costs and probabilities instead of the expected value. By adjusting the Total Present Values accordingly,

the following table results.

Total PV with Initial Construction Treated as Uncertain

Cost estitnate used Probahility
A B =
Expected value 2.555404 2,630,853 2407.740
lower 0.10 2,330,644 2,192,747 2,029,387
hest estimate 0.60 2,503,606 2,573,263 2,353,690
higher 0.20 2,676,567 2,858,649 2,569,592
rruch higher 0.10 2,540,520 3,048,907 2,786,094

If the cost of Alternative B “comesin” at the lower cost estimate, for example, it's PV isclearly lower than
the PV for Alternative C. It would therefore be useful to predict the confidence level of alternative A being
better than A or B. The probability that Alternative C will have the lowest PV can be calculated as

P[PWe < PVa and Pyc < PV

0.10 % (0140 6+0.2+0.1) x (0.1+0.6+0.2+0 1)

+ 060 % (0.6+0.2+0.1) x (0.B+0.2+0 1]
+0.20%(0.2+401) x (0.6+0.2+0.1)
+ 010 %(0.1)% (0.2+0.1)
= B4 3%
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We make asimilar calculation for Alternatives A and B to find

P[PVa < PVe and PVa < Py

0.10 x (0B+0.2+0.1) x (0 B+0.2+0.1)
+0.60 x (0.B+0.2+0.1) x (0.2+0.1)
+0.20 % (0.2+0.1) % (0.1)
+0.10 % (0.2+0.13 x (0]

24 9%

P[PVe = PVa and Pva < Py

0.10 x (0.1+0.6+0.2+0.1) x (0.6+0.2+0.1)
+0.60 x (0.2+0.1)% (0.1
+0.20 % (0) % (0)

+0.10 % (0) % (0)

10.8%

Thus Alternative C has the least PV with a probability of 64.3%, Alternative A 24.9%, and Alternative B
10.8%. Alternative Cisafairly clear winner. But what if we now eliminate the load capacity detour user
costs as mentioned previously. This changes the results to the following:

Total PV with Initial Construction Treated as Uncertain
Cost estimate used Probahility
A B C

Expected value 2369812 2454 171 2407740
lower 010 2,144 0632 2,007,065 2,029 387
hest estimate 0.a0 2,317,924 2,387,581 2,353,600
higher 0.20 2,400,885 2,672,967 2,569 802
truch higher p.1o 2,663 847 2,863,225 2,786,094

If the cost of Alternative B “comesin” at the lower cost estimate for example, it's PV is clearly lower than
the PV for Alternative C. It would therefore be useful to predict the confidence level of alternative A being
better than A or B. The probability that Alternative C will have the lowest PV can be calculated as

P[FVe < PVa and PV < PVg]

0.10 % (0.1+0.6+0.2+0.1) x (0.6+0.2+0.1)
+0.60 x (0.2+0.1) % (0.6+0.2+0.1)
+0.20 % (0.1) % (0.2+0.1)
+0.10 % (0) % (0.1)

26.8%

We make asimilar calculation for Alternatives A and B to find
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P[PWa < P¥e and PV < Py

0.10 % (0.6+0.2+0.1)x (0 6+0.2+0.1)
+0.60x (0.6+0.2+0.1) x (0.6+0.2+0.1)
+0.20 % (0.240.1) % (0.2+0.1)

+0.10x (024013 % (0.1)

= 55.9%

P[PV < PVa and PVe < PV 0.10 % (0.1+0.6+0.2+0.1) x (0.1+0.B+0.2+0.1}
+ 060 % (0.2+0.1) % (0.2+0.1)
+0.20 x (0) % (0.1

+0.10 % (0) % (0)

= 15 4%

Under this assumption, Alternative A at 58.8% is the most likely to be the least PV. Asyou can see, the
assumption are important. In both cases Alternative B isthe loser.

Next, we consider the effects on agency costs only

PV of agency costs
Agency costs
Alternative & Alternative B Alternative C
Mormal costs $2.022.544 $2.103,308 $2.303.614
Strengthening $73.750 $92.715 ta
Future Replacement $20.102 $10,913 $0
Vulnerahility - Agency Portion 587 408 187 408 £4,375
Total $2.212.804 $2.204 524 $2,507,080

When comparing the alternatives on the basis of agency costs only, we see that Alternative A is the best
choice athough al aternatives are within about 5% of the average. We may still lean toward Alternative C
if we are not certain of the magnitude of the vulnerability costs. If we are concerned that future painting of
the steel bridge (Alternative A) may be deferred too long, leading to corrosion damage and costly repairs,
or that the likelihood of a 60-year service lifeis greater than assumed in the computations, our preference
for Alternative B or C might be stronger. In developing the concrete aternative (Alternative B), however,
we might choose to put extra effort into cost control in design and construction to ensure that actual final
costs do not exceed our best estimate.

Finally, we consider the problem of load capacity and the “high performance” aternative. If additional
funds are available, perhaps for demonstrating new technology, we might wish to make the extra
investment to build Alternative C and avoid with certainty the problems of strengthening an obsolete bridge
if legal load limits are increased. Also Alternative C would gain more favor if the chance of the load
capacity requirements being increased is more than the assumed 40%.
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On balance, the analysis indicates that a conventional steel bridge design islikely to be a good choice for
this situation if we only consider agency costs and the high performance design should be considered if
user costs are aso considered.
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Appendix D Probability Calculations
Determining Probability That Value 1 is Less Than Value 2

my = 63 mp = 58

COEF;L = 0.15 COEFZ = 0.25

= 9.45 = 14.5

X1 f (x1) X2 f (x2) Sum( f (x2) | x1< x2) f(x1) * sum

0 1.8859E-11 1 2.4265E-05 0.999968072 1.88584E-11
2 7.5606E-11 3 4.1337E-05 0.999943807 7.56015E-11
4 2.8983E-10 5 6.9091E-05 0.99990247 2.89797E-10
6 1.0623E-09 7 0.0001133 0.999833379 1.06217E-09
8 3.7234E-09 9 0.00018231 0.999720074 3.72238E-09
10 1.2479E-08 11 0.00028781 0.999537766 1.24728E-08
12 3.9989E-08 13 0.0004458 0.999249956 3.99587E-08
14 1.2253€-07 15 0.00067751 0.998804154 1.22387E-07
16 3.5902E-07 17 0.00101025 0.998126644 3.5835E-07
18 1.0059E-06 19 0.001478 0.997116398 1.00295E-06
20 2.6946E-06 21 0.00212159 0.9956383%4 2.68285E-06
22 6.9024E-06 23 0.00298804 0.993516801 6.85768E-06
24 1.6907E-05 25 0.00412902 0.990528764 1.67465E-05
26 3.9597E-05 27 0.00559818 0.986399739 3.90582E-05
28 8.8676E-05 29 0.00744703 0.980801564 8.6974E-05
30 0.00018989 31 0.0097198 0.973354534 0.000184831
32 0.00038882 33 0.01244712 0.963634735 0.00037468
34 0.00076127 35 0.01563933 0.951187613 0.000724112
36 0.00142521 37 0.01927991 0.935548279 0.001333349
38 0.00255131 39 0.02332005 0.916268366 0.002337685
40 0.00436713 41 0.02767524 0.892948316 0.003899621
42 0.00714786 43 0.03222485 0.865273074 0.006184853
44 0.01118674 45 0.03681527 0.833048221 0.009319094
46 0.01674088 47 0.04126698 0.796232949 0.013329637
48 0.02395521 49 0.04538526 0.754965971 0.018085372
50 0.032777 51 0.04897389 0.709580708 0.023257927
52 0.04288305 53 0.05185038 0.660606816 0.028328832
54 0.05364748 55 0.0538613 0.608756437 0.032658247
56 0.06417417 57 0.05489582 0.554895139 0.035609934
58 0.07340378 59 0.05489582 0.499999322 0.036701843
60 0.08028306 61 0.0538613 0.445103505 0.035734272
62 0.08396082 63 0.05185038 0.391242207 0.032849016
64 0.08396082 65 0.04897389 0.339391828 0.028495615
66 0.08028306 67 0.04538526 0.290417936 0.023315641
68 0.07340378 69 0.04126698 0.245032673 0.017986326
70 0.06417417 7 0.03681527 0.203765696 0.013076494
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72 0.05364748 73 0.03222485 0.166950423 0.008956469
74 0.04288305 75 0.02767524 0.13472557 0.005777443
76 0.032777 v 0.02332005 0.107050328 0.003508789
78 0.02395521 79 0.01927991 0.083730278 0.002005777
80 0.01674088 81 0.01563933 0.064450365 0.001078956
82 0.01118674 83 0.01244712 0.048811031 0.000546036
84 0.00714786 85 0.0097198 0.036363909 0.000259924
86 0.00436713 87 0.00744703 0.026644111 0.000116358
88 0.00255131 89 0.00559818 0.019197081 4.89777E-05
920 0.00142521 91 0.00412902 0.013598905 1.93812E-05
92 0.00076127 93 0.00298804 0.009469881 7.20915E-06
94 0.00038882 95 0.00212159 0.006481844 2.52027E-06
96 0.00018989 97 0.001478 0.004360251 8.27973E-07
98 8.8676E-05 99 0.00101025 0.002882246 2.55587E-07
100 3.9597E-05 101 0.00067751 0.001872001 7.4125E-08
102 1.6907E-05 103 0.0004458 0.001194491 2.01948E-08
104 6.9024E-06 105 0.00028781 0.000748689 5.16777E-09
106 2.6946E-06 107 0.00018231 0.000460879 1.24188E-09
108 1.0059E-06 109 0.0001133 0.00027857 2.802E-10
110 3.5902E-07 111 6.9091E-05 0.000165266 5.93341E-11
112 1.2253E-07 113 4.1337E-05 9.61744E-05 1.17846E-11
114 3.9989E-08 115 2.4265E-05 5.48375E-05 2.19288E-12
116 1.2479E-08 117 1.3976E-05 3.05721E-5 3.81497E-13
118 3.7234E-09 119 7.8978E-06 1.65962E-05 6.17948E-14
120 1.0623E-09 121 4.3789E-06 8.69845E-06 9.24077E-15
122 2.8983E-10 123 2.3822E-06 4.31951E-06
124 7.5606E-11 125 1.2715E-06 1.93735E-06 1.46475E-16
126 1.8859E-11 127 6.6587E-07 6.65867E-07 1.25576E-17
1000 1000
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American Association of State Highway Officials

American Association of State Highway and Transportation Officials
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

Federal Aviation Administration

Federal Highway Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers

Institute of Transportation Engineers

National Cooperative Highway Research Program

National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration

Society of Automotive Engineers

Transit Cooperative Research Program
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