THE NATIONAL ACADEMIES PRESS

This PDF is available at http://nap.edu/21956 SHARE m

Effect of Truck Weight on Bridge Network Costs
NCHRP

REFOAT 485

Effuct of Truck Weight
on Bridge Network Costs

DETAILS

0 pages | | PAPERBACK
ISBN 978-0-309-43129-3 | DOI 10.17226/21956

AUTHORS
BUY THIS BOOK

FIND RELATED TITLES

Visit the National Academies Press at NAP.edu and login or register to get:

Access to free PDF downloads of thousands of scientific reports

10% off the price of print titles

Email or social media notifications of new titles related to your interests

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.


http://nap.edu/21956
http://www.nap.edu/related.php?record_id=21956
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/21956&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=21956&title=Effect+of+Truck+Weight+on+Bridge+Network+Costs
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/21956&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/21956

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

NCHRP REPORT 495

Effect of Truck Weight
on Bridge Network Costs

GONGKANG Fu
JIHANG FENG
WAseeM DEKELBAB
Center for Advanced Bridge Engineering
Wayne State University
Detroit, Ml

FRED MOSES
University of Pittsburgh
Pittsburgh, PA

HARRY COHEN
Ellicott, MD

DENNIS MERTZ
University of Delaware
Newark, DE

PAuL THOMPSON
Castle Rock, CO

SuBJECT AREAS

Bridges, Other Structures, Hydraulics and Hydrology

Research Sponsored by the American Association of State Highway and Transportation Officials
in Cooperation with the Federal Highway Administration

TRANSPORTATION RESEARCH BOARD

WASHINGTON, D.C.
2003
www.TRB.org


http://www.nap.edu/21956

NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

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 is uniquely
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 thosewho 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 495

Project C12-51 FY’98

ISSN 0077-5614

ISBN 0-309-08759-7

Library of Congress Control Number 2003107411

© 2003 Transportation Research Board

Price $35.00

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
Officids, 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


http://www.nap.edu/21956

Effect of Truck Weight on Bridge Network Costs

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 also 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
Ingtitute 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 through research. In an objective and interdisciplinary setting, the
Board facilitates the sharing of information on transportation practice and policy by researchers and
practitioners; stimulates research and offers research management services that promote technical
excellence; provides expert advice on transportation policy and programs; and disseminates research
results broadly and encourages their implementation. 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 individuals interested in the
development of transportation. www.TRB.org

www.national-academies.org

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21956

COOPERATIVE RESEARCH PROGRAMS STAFF FOR NCHRP REPORT 495

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

DAVID B. BEAL, Senior Program Officer

EILEEN P. DELANEY, Managing Editor

NCHRP PROJECT C12-51 PANEL
Field of Design—Area of Bridges

ANTHONY M. GUGINO, California DOT (Chair)

PAUL M. KIVISTO, Minnesota DOT

MATTHEW FARRAR, Idaho Transportation Department
YAVUZ I. GONULSEN, IllinoisDOT

KEVIN MCGHEE, Virginia DOT

DOUGLASF. ROSE, New York Sate DOT

JAMES G. SAKLAS, FHWA

TED SCOTT, Roadway Express, Inc., Alexandria, VA
JOHN O'FALLON, FHWA Liaison Representative
STEPHEN F. MAHER, TRB Liaison Representative

AUTHOR ACKNOWLEDGMENTS

Mr. Anthony Gugino, Senior Bridge Engineer with California
Department of Transportation (Caltrans) and chairman of the proj-
ect panel, and his colleagues at Caltrans spent significant effort in
gathering the datafrom Californiaused in this project. Mr. Edward
Flanagan with Arkansas Highway and Transportation Department
provided the unique historical data of vehicle traffic used in Chap-
ter 3 of thisreport. Mr. Matthew Farrar, State Bridge Engineer of
Idaho Transportation Department (ITD) and also a member of the
project panel, and many of his staff members and colleagues with
ITD provided detailed data for the Idaho example in Appendix B.
Mr. Mark Van Port Fleet, State Bridge Design Engineer of the
Michigan Department of Transportation (MDOT), and many
MDOT personnel assisted in gathering data for the Michigan
example included here. Messrs. David Jones, Perry Kent, and
James March, currently or previously with FHWA, provided WIM
data and valuable information on relevant FHWA studies. Dr.
James Saklaswith FHWA, also amember of the project panel, pro-
vided the cost ratio datain Appendix A and other important back-
ground information on previous relevant FHWA studies. Professor

Michael Petrou with University of South Carolina provided
detailed dataresulting from the research on RC bridge deck fatigue
carried out at Case Western Reserve University. Messrs. Bala
Sivakumar and Charles Minervino and their colleagues with
A.G.Lichtenstein & Associates developed the cost estimates for
steel fatigue repair and reviewed other cost data. Many members
of the project panel and state transportation agencies promptly
responded to the survey and our calls for various data and infor-
mation. Mr. David Beal, NCHRP program senior officer, super-
vised this study. Without these efforts, this project could not have
been successfully completed.

Messrs. Bala Sivakumar and Charles Minervino with A.G.Licht-
enstein & Associates provided assistance in handling some admin-
istrative details for this project. Their generosity is gratefully
acknowledged.

Thanks are also due to graduate research assistants Husni Al-
Dakkak, Brian Li, and Adil Moosa with Department of Civil and
Environmental Engineering at Wayne State University for their able
assistance in various tasks of this project.


http://www.nap.edu/21956

FOREWORD

By David B. Beal

Saff Officer
Transportation Research
Board

This report contains the findings of a study to develop a methodology for estimat-
ing the impact of changes in truck weight limits on bridge network costs. The report
describes the research effort and the recommended methodology and illustrates appli-
cation of the methodology. A software module for automation of the recommended
methodology also isincluded. The material in this report will be of immediate interest
to bridge engineers and planners.

TRB Special Reports 225 and 227, Truck Weight Limits: Issues and Options and
New Trucksfor Greater Productivity and Less Road Wear: An Evaluation of the Turner
Proposal, respectively, noted that trucks produce significant damage to highway
bridges. A truck’ s gross weight, axle weights, and axle configuration directly affect the
useful life of highway bridge superstructures. Damage typically occurs in the bridge
deck and in the superstructure elementsincluding floor beams and girders, diaphragms,
joints, and bearings. Bridge costs associated with increased truck weights are the result
of the accelerated maintenance, rehabilitation, or replacement work that is required to
keep structures at an acceptablelevel of service. Owners need anetwork-level method-
ology for estimating these costs.

Truck-weight frequency distributions by vehicle type (truck-weight histograms)
are needed to estimate reliably the effects on remaining life and the costs caused by
changes in legal and permit truck weights. Changing truck weight limits affect the
truck-weight histograms. Because carrying heavier payloads may reduce the operating
costs of truck operators, the possibility of a growing share of freight transportation
shifting from rail to truck needs to be considered in estimating these histograms.

The objective of this project was to develop a methodology for estimating the
bridge network costs associated with changes in legal and permit gross weight, axle
weights, or axle configurations. This objective has been achieved with arecommended
methodology for estimating changesin truck-weight histogramsand for cal culating the
cost of fatigue and overstress in bridge components. To automate the recommended
methodology, a software module that can be integrated with AASHTOWare Bridge-
Ware was a so devel oped.

This research was performed at Wayne State University, with the assistance of
Fred Moses, Harry Cohen, Dennis Mertz, and Paul D. Thompson. Thereport fully doc-
uments the research leading to the recommended methodology. Step-by-step instruc-
tions for applying the methodology are included in an appendix along with detailed
examples of the application of the methodology. The accompanying CD-ROM con-
tai ns the software modul e implementing the recommended methodol ogy, auser’ s man-
ual, and the application examples described in Appendix B.
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CHAPTER 1
INTRODUCTION

1.1 PROBLEM STATEMENT AND RESEARCH
OBJECTIVE

TRB Special Reports 225 and 227 (“Truck Weight Limits:
Issues and Options’ and “New Trucks for Greater Produc-
tivity and Less Road Wear: An Evaluation of the Turner Pro-
posal™) noted that trucks produce significant damageto high-
way bridges (TRB 1990a, 1990b). A truck’s gross weight,
axle weights, and axle configuration (collectively referred to
as “truck weight” in this study) directly affect the useful life
of highway bridge superstructures. Such damage typically
occursin the bridge deck and in the main superstructure ele-
ments, including floor beams and girders, diaphragms, joints,
and bearings. The severity of damageisafunction of the struc-
tural element and its material. Bridge costs associated with
increased truck weights are the result of the accelerated main-
tenance, rehabilitation, or replacement work that isrequired to
keep structures at an acceptable level of service. Highway
agencies require a network-level methodology for determin-
ing these costs.

A concern of agenciesisthe fatigue damage caused by the
increasing population of heavy vehicles. Many of the details
used in older steel bridge girders are particularly prone to
fatigue failures directly related to truck weight. Repetitive
loading may cause fatigue cracking in these steel members
and limit the service life of abridge.

Truck-weight frequency distributions by vehicle type(i.e.,
truck weight histograms, or TWHs) are needed to estimate
reliably the effects on remaining life and the costs caused by
changes in legal and permit truck weights. Changing truck
weights can affect the truck weight histograms. Because car-
rying higher payloads can reduce the operating costs of truck
operators, the possibility of a growing share of freight trans-
portation shifting (e.g., fromrail to truck) needsto be consid-
ered in estimating the future truck weight distribution and
truck traffic.

The objective of this research is to develop a methodol-
ogy for estimating the bridge network costs associated with
changes in the limits on legal and permit gross weight, axle
weights, or axle configurations.

1.2 SCOPE OF STUDY

Thisresearch project included the tasks listed below. This
report documentsthe process, findings, and the product of the

research effort. Note that bridge network costs herein refer to
the costs to the highway agency only. Other costs—for exam-
ple, costs to highway users—are beyond the scope of this
study. Further note that the objective methodology is to esti-
matetheincremental (or additional) costsresulting from truck
weight limit changes, as opposed to the total costsfor accom-
modating heavy trucks.

Task 1. Review relevant practice, performance data,
research findings, and other information related to the effects
of truck weight on bridge costs. Review fatigue-truck models
and algorithms for predicting remaining fatigue life. This
information shall be assembled from technical literature and
from unpublished experiences of engineersand bridge owners.

Review literature and practice on predicting changes in
truck-weight histograms following changesin truck weight.

Task 2. Describe the types and degrees of damage to
bridge components (e.g., prestressed beams, steel girders,
bridge decks) caused by increasesintruck weight. |dentify the
data required to estimate the network cost of these damages.
Prepare a recommendation on the priority for developing
methodol ogiesto estimate the cost of these damages. Develop
an estimate of the cost and time to prepare a methodology for
each significant type of damage to bridge components.

Task 3. Based on theinformation obtained in Task 1, pro-
pose an algorithm that predicts changes in truck-weight his-
tograms and in fatigue-truck models caused by changes in
legal and permit truck weight. lllustrate the application of the
algorithm with specific examples.

Task 4. Outline a methodology to determine network
maintenance, repair, and replacement costs resulting from
fatigue damage to steel girder bridges subjected to increased
truck weights. The outline shall include data requirements.
Provide a discussion of how network costs will be estimated
when data are missing or inadequate.

Task 5. Submit an interim report, within 6 months, to doc-
ument Tasks 1 through 4 for review by the NCHRP. Thereport
should contain adetailed proposed work plan for the comple-
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tion of the project and specifically identify the methodol o-
gies that can be developed with the available funds. The
contractor will be expected to meet with the NCHRP to
review the report. Project panel approval of the proposed
work plan must be received before work on the remaining
tasksis started.

Task 6a. Based on the approved work plan, develop the
fatigue-damage network-cost estimating methodology out-
lined for steel girder bridgesin Task 4.

Task 6b. For other types of damage included in the
approved work plan, devel op methodol ogiesfor estimating the
increased bridge network maintenance, repair, and replace-
ment costs associated with proposed increasesin truck weights.
Provide a discussion of how network costs will be estimated
when data are missing or inadequate.

Task 7. Prepareillustrative application examples.

Task 8. Prepare adetailed functional plan for developing a
software module that can be integrated with AASHTOWare
Bridge Ware to implement the methodol ogies devel oped.

Task 9. Submit a final report that documents the entire
research effort and includes the methodologies as a stand-
alone document. In addition, provide acompanion executive
summary that outlines the research results.

A second phase of this project was also conducted after
fulfilling the above tasks. That phase had a main objective
of developing a software modul e to implement the proposed
methodology for estimating bridge network costs due to
changesin truck weight limits. Asaresult, an Excel program
was devel oped to facilitate such analyses to be performed by
highway agencies in the country. A users manual was also
developed along with the software to assist with application.
The software module and its users manual are contained in
the accompanying CRP-CD-37.

1.3 ORGANIZATION OF REPORT

Chapter 2 presents a comprehensive review on relevant
subjects, with an emphasis on state of the art and state of the
practice. In that chapter, Section 2.1 discusses approaches
used in previous studiesinvolving estimating bridge network
costs. Section 2.2 summarizes the efforts and the results of a
survey of state and other transportation agencies inside and
outside the United States. These results helped prioritize cost
impact categories to be included in the recommended
methodology. Section 2.3 presents current understanding on
the mechanisms of fatigue or deficiency of bridge compo-

nents caused by heavy trucks. Section 2.4 reviews previously
proposed methods for predicting changesin truck weight his-
togramsasaresult of truck weight limit changes. Section 2.5
offersasummary for that chapter.

Chapter 3 presents the concept of the recommended
methodology developed in this project. Section 3.1 discusses
the general structure and the principles for the estimation
methodology. The requirement for data of the methodology is
addressed as one of themajor factors considered in the process
of design and development. Section 3.2 isused to introducethe
concept of a recommended method for predicting changesin
truck load spectra. Thisis afundamental step for all the cost-
impact categories covered here, because truck load spectraare
thedriving forcefor therelevant bridge network costs. Thefol-
lowing sections then present the estimation methodology for
each of thefour cost-impact categories, asfollows: (1) Fatigue
of existing steel bridges, (2) Fatigue of existing reinforced con-
crete (RC) decks, (3) Deficiency dueto overstressfor existing
bridges, and (4) Deficiency due to overstress for new bridges.
Section 3.7 discusses the principles for summing the costs for
individua cost-impact categories.

Chapter 4 summarizes the conclusions of this study.

Appendix A presents the procedure of the recommended
methodol ogy for estimating bridge network costsas aresult
of truck-weight limit changes. This methodology is for U.S.
highway agencies at various levels to predict such costs for
planning purposes. It covers four cost impact categories men-
tioned above. Thisappendix has separate sections respectively
for each of the four categories prioritized in this study. The
concept of thismethodology is presented in Chapter 3, includ-
ing the supporting theory and background information. Appen-
dix A also contains several data sets to be used as the default
data for application when more detailed site-specific or
jurisdiction-specific data are not available. They are intended
to meet the minimum requirement for input data to facilitate
implementation of the recommended methodol ogy .

The recommended methodology has been applied to two
bridge networks as presented in Appendix B. Thefirst exam-
pleisfor the bridges of two routesin the state of 1daho for an
increase in permit truck weight limits. In that example, the
upper limit wasincreased from 467 kN (105 kips) to 574 kN
(129 kips) for gross vehicle weight (GVW). Three scenarios
wereinvestigated: (1) Thetruck weight limit changeiseffec-
tive only for the two specific routes; (2) The changeisimple-
mented in the entire state; and (3) The changeislegaizedin
the entire state (i.e., no permit would be needed to carry the
weight of 129 kips if the Bridge Formula is satisfied). For
these three scenarios, only the bridges on the two specified
routes were covered. The second example applies the rec-
ommended methodology to the state of Michigan for legal-
izing the 3S3 truck configuration in the entire state. The first
example covers asmaller number of bridges within the state
network. This small size of network permitted a relatively
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more detailed analysis. In contrast, the second exampl e esti-
mates the impact costs for a much more extensive network
for the entire state of Michigan. These examplesillustrate the
application of the recommended methodology.

The attachments to this report include the devel oped soft-
ware module named “Carris’ and its users manual. The soft-
ware is written using the Microsoft Excel for interactive

3

application. Two application examples have been prepared
for using the software. One isthe Idaho Exampl€' s Scenario 2
and the other isthe Michigan Example. The software for the
examples and the users manual are contained in CRP-CD-37.
Note that application of software requires the user change
either of the examples in the CD to the case of interest, as
explained in the user’s manual.
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CHAPTER 2
FINDINGS

Trucks were first manufactured in the United States in
1898 (Rudra http://www.marion.lib.in.us/history/indtrucks/
report.html). Trucking and the highway system have devel-
oped rapidly during the past 100 years in this country. In
1904 there were approximately 328,000 km (204,000 mi) of
surfaced roads and streetsin the United States. By 1990, there
were about 6.4 million km (4 million mi). Over the same
period, motor truck registrations have grown from 1,500t0 7.2
million (RJHansen 1979, USDOT 1991b). Motor trucks oper-
ating on the highways now provide service to every commu-
nity inthe country. In 1989, for example, truckstraveled more
than 2.1 x 10" vehiclemiles (vehiclemilesof travel or VMT).
This represents a 4.2 percent annual increase from 1983 to
1989, and a 4.7 percent increase from 1985 to 1989. Trucks
deliver a significant portion of the nation’s product. In 1974,
for example, this included 60 percent of all intercity ship-
ments of manufactured products, 80 percent of all fruits and
vegetables, and 100 percent of all livestock (RJHansen 1979).

Whilewe benefit from truck transportation, highway agen-
cies spend a significant amount of resources to establish and
maintain the highway system in the country. Quantifying the
causes of the expenditure has been afocus of several studies
inanumber of countries. This chapter reviews several aspects
related to estimating the cost effects of heavy trucks on high-
way bridges. This review discusses the latest developments
inrelevant areas.

Section 2.1 coversthe approaches previously used in bridge
network cost estimation studies. It helps explain the state of
the art in these areas. Based on this understanding, four cost
impact categories are prioritized in this study, to be covered
in the recommended methodology. They are: (1) fatigue of
existing steel bridges, (2) fatigue of existing reinforced con-
crete decks, (3) deficiency due to overstress for existing
bridges, and (4) deficiency due to overstress for new bridges.

Section 2.2 summarizes the survey conducted in this study
to understand state of the practice that is relevant to the tar-
geted cost impact estimation. It provides useful and critical
information on what data are available or may become avail-
able for application of the recommended methodology. This
information also helped in determining the appropriate data
requirement for the methodology. This requirement should
be set such that state agencies will be able to meet it with a
minimum effort and that available data are used to the largest
extent practically possible.

The following Section 2.3 then presents the mechanisms
and current state of knowledge on each of the four prioritized
cost impact categories. It aso provides the foundation for
quantifying the cost impacts in the recommended methodol-
ogy. Section 2.4 presents a review of predicting changes in
truck weight histograms (TWHSs) following changesin truck
weight limits. Theresulting TWH changes are critical to cost
impacts, because they represent load changesto bridge struc-
tures and are the cause of cost impact.

2.1 RELEVANT COST-IMPACT STUDIES AND
APPROACHES

The subject of truck weight effects on bridge costs has
attracted research attention for many years. Relevant recent
studies are reviewed below in a chronological order, to have
an overview of state of the art and the practice in this area.
Thisreview coversthe various approachestaken. Other stud-
ies, either less recent or less representative, are listed in the
Bibliography section.

2.1.1 Study by Yoder et al. for Indiana DOT

In 1979, a study was conducted by Y oder et al. (1979) to
investigate the impact of a GVW limit increase from 326 kN
(73.28 kips) to 356 kN (80 kips) for Indiana DOT. Both
bridges and pavements were covered. The following cost
impacts wereincluded in this effort for bridges:. () strength-
related costs, (b) stedl fatigue-related costs, and (c) deck dete-
rioration costs. The strength-related costsrefer to inadequate
load carrying capacity of bridges under the new permissible
load. It was found to be insignificant for a range of over-
stress allowance used, being 12, 23, and 35 percent for flex-
ure of prestressed concrete, steel, and reinforced concrete
members respectively, and 30, 23, and 35 percent for shear
of these members, respectively. The stedl fatigue-related costs
were also estimated to be negligibly small, based on the data
available at the time. Impact costs associated with bridge
deck deterioration were estimated using an assumption that
cost increase is linearly related to the maximum permitted
GVW (Whiteside et al. 1973). An annual increased cost of
$2 to $3 million wasthen arrived at, based on an 11 percent
increase of GVW.
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This study represents an early effort in this area when
many data and methods used today were not available. The
basis of the overstress criteriawas not documented, and they
are certainly different from those used in more recent studies
below. Apparently, steel fatigue was not as well understood
as today. On the other hand, bridge deck deterioration was
clearly acknowledged although the damage cost model (i.e.,
the cost increaseis linear with GVW) is not well founded.

2.1.2 Study by BTML for New York State DOT

Byrd, Tallamy, MacDonald, and Lewis(BTML) conducted
astudy in 1987 for New Y ork State DOT on effects of permit
truck weightsincluding those on bridges (BTML 1987). That
study reviewed pertinent experience available at the time.
Only stedl fatigue-induced costs were estimated. An annual
cost of $23,500 to the state was projected and thought attrib-
utable to the annual permits for divisible overloads. These
permits are valid for a year (but renewable) for unlimited
trips, which represent the “ grandfather exemption” allowed
by the federal legidlation. This estimate was arrived at using
the following approach: (a) A single (typical) bridge was
used to project to several hundred bridges thought impacted.
(b) One type of fatigue-prone detail (cover plate weld) was
considered. (¢) The cost impact was estimated as a result of
different fatigue accumulations with and without permit-
trucks, including the effect that these permits could allow
heavier loads but would result in fewer trips. (d) The fatigue
damage was estimated using the approach in the AASHTO
Guide Secifications for Fatigue Evaluation of Existing Sedl
Bridges (1990), based on the work of Moses et al. (1987).
(e) Fixed (zero discount rate) annual costs for 20 years were
estimated based on more intensive and detailed inspection
and probable repair at the end of estimated fatigue life.

Apparently, information on individual bridges now is
more available, and cost estimation could be therefore
improved. These annua (renewable) permits should betreated
asroutine loads on bridges. Thus the design load would also
need to be accordingly increased for new bridges expected to
carry such loads. More significantly, the bridges that will
become strength deficient under these routineloadswill need
either strengthening or replacement, if the permit trucks
access to them is not restricted.

2.1.3 Study by Moses for TRB

In 1989, Moses completed a study on effects of proposed
new truck weights on bridges for TRB (Moses 1989). The
resultswere summarized in TRB Special Reports 225 (1990a)
and 227 (1990b). This study assessed the costs of fatiguelife
reduction and substandard |oad ratings caused by avariety of
proposed new truck-weight limits. Both existing and new
bridgeswere covered in the study. Totals of up to several bil-
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lion dollars per year were estimated asthe coststo the nation,
depending on the scenario of the proposed truck weight limit.
While the cost associated with substandard load ratings was
carefully documented, little datawere avail ablefor the actual
fatigue damage costs of steel bridges due to heavier truck
loads. Thus expert opinionswere solicited on thisitem. Their
cost estimates varied from very small amounts to over $50
million per year nationally. Nevertheless, the cost for replac-
ing substandard bridges due to strength rating was found to
be dominant among all the bridge cost impacts considered.
Note that this was thefirst effort of including new bridges as
a cost impact category. Moses (1989) also reported incre-
mental costs for the new load limit scenarios considered,
which are useful for applying the recommended methodol -
ogy when more specific data are not available.

2.1.4 Study of Minnesota DOT

Asaresponseto the TRB Special Report 225 (1990a), Min-
nesota DOT (1991) investigated the bridge related impacts of
the TRB recommendations at the state level. These scenarios
were examined: the TTI HS-20 and TTI HS-20/Formula B
with a cap of 489 kN (110 kips) or 556 kN (125 kips). The
cost impacts were estimated for strength deficiency and steel
fatigue both due to higher loads, as well as the costs for
enforcement for safety and weight limits, posting, safety, and
engineering. For bridge deficiency, reaction (posting, replace-
ment, or their combination) was determined considering the
bridge’s specific situation. For example, bridges already eli-
gible to be replaced did not contribute to any cost increase.
For steel fatigue, a moment increase factor was calculated
first, being the ratio of the moments due to the worst load
case under the new regulations and the current legal trucks.
A minimum of 1.20 wasfound for the cases considered. This
ratio was then used to estimate the reduction of fatigue life
(due to stress range increase). The AASHTO Guide Specifi-
cations procedure (1990) was used and all other parameters
were kept unchanged in the calculation (except the stress
range). In addition, maintenance cost increase was mentioned
asapossibleimpact, particularly for bridge decks. However,
aspecific number could not be given to quantify theincrease,
apparently due to lack of quantitative knowledge on deck
deterioration caused by truck load.

The reaction to bridge deficiency used in this study (post-
ing, replacement, or their combination) wasrealistic and rea-
sonable. Today, bridge-related data are better available, and
this kind of detailed action selection is possible for state
agencies. Further, the fatigue cost impact estimation can be
done with more details. For example, historical traffic data
could be used to estimate the fatigue life already used. Fur-
ther, predicted future traffic data available in agency bridge
inventoriesmay be used for amorereliable estimation for the
remaining fatigue life.
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2.1.5 Study by IIT for lllinois DOT

Sinceincreasing the state truck weight limitsin 1983, from
326 kN (73,280 Ib) to 356 kN (80 kips), Illinois DOT has
reported triennially on the effects of this state-legislation
change (IDOT 1992). In the first triennial report, specific
effects on bridges were not included, primarily because the
increased | oading was not expected to produce adverse effects.
A more in-depth look at the issue in the second triennia
report suggested that the heavier trucks were contributing to
a reduction in the service life for some older bridges. An
annualized cost of this deterioration was estimated at $9 mil-
lion. The third triennial report concluded an updated annual
cost of $12.3 to $30 million attributable to the increased
weight limits, based on a study done by Illinois Institute of
Technology (Mohammadi et a. 1991). A sampleof 15 bridges
were measured and analyzed under truck loads. The results
were used to project to a population of 1,059 bridges. The
shortened life for the 15 sample bridges ranged from 0 to 37
years. Theimpact costs were based on bridge replacement at
the end of the estimated fatiguelife. It was stated that a num-
ber of bridges have been replaced since 1983 when the new
GVW limit was implemented.

It should be noted that many states repair and monitor
fatigue cracks when detected, according to the responses
received to the survey of this project to be discussed in the
next section. To say theleast, not every bridge owner replaces
bridges because of calculated or observed fatigue damage.
Thus, for estimating bridge costs due to truck weight limit
changes, highway agencies should have the option to select
the most appropriate action, according to the specific situa-
tion and the adopted criteria. Apparently, the estimation result
will be afunction of the action selected in responding to the
assessed fatigue and deficiency.

2.1.6 Study by Sorensen and Manzo-Robledo
for Washington State DOT

In 1992, Sorensen and Manzo-Robledo reported a study
for Washington State DOT, estimating the impact of the
Turner trucks on Washington State bridges (1992). There
were 3,079 bridges on the Washington State roadway system
in 1989 when this study started. 2,024 of them were identi-
fied to be strength deficient under the Turner truck scenarios.
All of them are concrete bridges. The screening was done
through a database search, using current load ratings. Replace-
ment cost for these deficient bridges was estimated asthe cost
impact. A remaining life factor was used to attribute a portion
of the total replacement cost to the Turner truck impact. No
detail wasgiveninthereport asto how thisremaining lifefac-
tor was determined, but it is stated that fatigue was not con-
sidered in this study. The cost of a bridge was estimated by
multiplying a unit cost per deck area and the total deck area
of the bridge. The unit cost was provided by the state agency.

This study’ s level of detail may represent atypica situa
tion with respect to data availability. Namely, for deficient
bridges, the main data needed are the current load ratingsand
bridge unit cost per deck area. These data are readily avail-
able now.

2.1.7 Study by Moses for Ohio DOT

This ODOT study was done by Moses (1992) to develop
apermit fee system based on bridge damage costs. The study
covered fatigue and increased number of posted spans. A
review of different state practicesfound that permit feesvary
considerably over the nation. The impact costs for the state
system for various routine permits were calculated with the
same cost methods for the TRB study described in Section
2.1.3. A permit fee system was proposed for Ohio based on
these cost impacts. The fees were calculated according to a
ton—-mile model, which increase for loads above the current
legal levelsto reflect the cost impacts.

2.1.8 Study by IBI/ADI for Canada

During 1988 and 1989, a Memorandum of Understanding
(MOU) was implemented in Canada, which allowed gener-
ally larger and heavier trucks to operate on designated high-
ways. A study investigated itsimpacts (IBI/ADI 1994), includ-
ing a section of impacts on highway bridges. Both bridge
overstress and steel bridge fatigue were acknowledged, but
only the cost effect for the former was quantified. This was
mainly due to the limited available data and the estimated
coststo obtain the needed data being beyond the study scope.
A total one-time-cost of $32 million was estimated for upgrad-
ing current bridges to be caused by overstress. Two more
points need be noted here: (1) The new truck weights were
lower than Ontario’s regulatory loads aready in place, thus
Ontario’ s contribution to thetotal cost was zero. (2) The con-
tribution of British Columbiawas extrapolated from another
province to estimate the severity of overstress, if any. This
was because the required load ratings were not available for
British Columbia.

The U.S. state agencies have a comprehensive database of
load rating for the bridges within the jurisdiction. Thisis not
to say that the recorded |oad ratings are exact for every bridge,
because some of these ratings had to be approximated due to
inadequate information. Nevertheless, using these data will
lead to ahigher fidelity in cost impact estimation.

2.1.9 Highway Cost Allocation Studies of
FHWA

In 1997, the FHWA completed a highway cost alocation
study (FHWA 1997), following an earlier onein 1982 (FHWA
1982). The new study devel oped bridge cost responsibility (in
percentage) for various vehicle fleets, besides other products.
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These responsibilities are applicable to federal expenditures
on highway bridges. Four groups of costs were covered: new
bridges, bridge replacement, major bridge rehabilitation, and
minor bridge rehabilitation.

For new bridges, each vehiclefleet’ scost responsibility was
estimated as the incremental cost required to accommodate
that fleet’ s operation, based on the bridges design load. Incre-
mental costs were developed for this purpose by considering
bridges designed for loads from H-2.5 to H-20 and HS-15 to
HS-25 with variousincrements. Within each fleet, the cost was
further distributed according to the VMT. For bridge replace-
ment and rehab costs, load-related costs are alocated to the
vehicles that occasion the action, while all vehicles share the
responsibility of non-load-related costs. Although fatigue con-
sumption cost to bridges was not explicitly mentioned in the
fina report (FHWA 1997), therewas an attempt to allocatethis
cost to the vehiclefleets (Laman et al. 1997). Fatigue was con-
sidered for both steel components and reinforced concrete
(RC) decks. A total of 39 bridges were used to project to the
nation’s bridge population. It is worth noting that the latest
results of research on RC deck fatigue (Perdikaris et al. 1993)
were not mentioned in a study by Laman et al. (1997). These
results actually are relevant to decks in the US. This will be
discussed further in Sections 2.3.2 and 3.4.

Although truck limit changes were not within the scope of
this FHWA study, some data developed are relevant to the
present NCHRP project. For example, theincremental bridge
costs computed for various design loads are useful for appli-
cation of the recommended methodology contained in Appen-
dix A. These costs were calculated as percentage increases
with reference to the HS-20 design load. Part of these dataiis
synthesized in Appendix A as part of the default data that
may be used when applying the recommended methodol ogy.
These data cover bridges of simple and continuous spans
with steel I-girders, I-rolled beams, RC slabs, RC T-beams,
prestressed concrete beams, slabs, and multi-cell box beams.
The span length varies from 30 to 240 ft, depending on the
material and structure type. Note that Moses (1989) also
reported incremental bridge costs for each scenario of the
proposed truck weight changes investigated. These two sets
of cost data areincluded as the default datain Appendix A.

2.1.10 Study by Ministry of Transportation of
Ontario

Recently, the Ministry of Transportation of Ontario (MTO)
conducted a study on the effects of several scenarios of truck
weight limit change on highway infrastructure (MTO 1997).
The effect on bridges was divided into two categories: defi-
ciency dueto overstress and life reduction by steel fatigue. A
number of bridges were analyzed using models intended to
represent respective groups according to type, span length,
and the design load used. The output for these groups was
projected to a population of 13,200 bridges for cost-effect
estimation, based on bridge replacement.

7

For deficiency due to overstress, a probability is esti-
mated for each representative bridge’ sultimate strength being
exceeded. This probability was then defined as the percentage
of the bridgesto be replaced for the group represented. For life
reduction dueto steel fatigue, the replacement cost is estimated
based on the reduced life with reference to an assumed 50
years of origina fatigue life. Several millions of dollars were
found to be attributable to increased truck weights, depending
on the scenario of truck weight limit.

Several points need to be noted here. (1) The analysis of
this MTO study included only those fatigue-details equiva-
lenttothe A, B, and B’ categories of AASHTO (1996), which
are not the most vulnerable details commonly seen in exist-
ing bridges in the United States. (2) The proposed owner
responses to the truck weight limit changes do not appear to
be consistent with U.S. practice. For example, the 50-year
fatigue life has been only a philosophical concept and was
not quantitatively implemented in design, at least for a vast
majority of the U.S. bridges currently in service. When fatigue
damage to a component is detected, replacing the bridge
may not be the only choice. Further, the probability of the
ultimate strength being exceeded certainly is not correlated
with the rate of bridge replacement, at least in the U.S. prac-
tice, because strength may not necessarily be considered at
all in deciding replacement. For example, when load ratings
by the allowabl e stress method are used as one of the factors
for deciding bridge replacement, the ultimate strength plays
no rolein this process.

2.1.11 Study by Heywood for Australia

Heywood and Pearson (1997) conducted a study on cost
impact of projected truck weight limit increases for bridges
inAustralia. Three scenarios of truck load increase were con-
sidered there. Only strength deficiency was addressed, and
the replacement cost was estimated as the impact. 6,690
bridgeswere coveredin thisstudy of the Australia’ s National
Highways and other primary rural roads. The severity of an
identified deficiency was used to determine what action to
take. Two levels of severity were included, with a thresh-
old defined to distinguish them. When thedeficiency isabove
the threshold, immediate replacement was considered to be
necessary and thetotal cost isincluded. Otherwise, only apor-
tion of the replacement cost was attributed to the weight limit
change, depending on the bridge’'s current age using a
remaining life model. However, the database for developing
this model was not given in the paper. Furthermore, the
model apparently was not based on fatigue damage accumu-
lation, because it is afunction of the load level only.

2.1.12 Study for the State of Western Australia

Another relevant study in Australia (Bridge Branch 1997,
1998) covered all 2,657 bridges in the State of Western
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Australia to estimate cost impacts for possible increases in
truck weight limits. Only existing bridges were considered.
This effort included two stages: (1) The first stage identi-
fied deficient bridges using an existing load rating database,
by comparing the moments due to the rating vehicle and the
vehicle being considered. (2) The second stage is a bridge-
by-bridge analysis for 243 identified deficient bridges. For
each bridge, strengthening, rehabilitation, or replacement was
selected according to the situation. The associated costs were
estimated according to the action selected. On the other hand,
no fatigue-related or new-bridge-related costs were included
in this study.

2.1.13 Truck Size and Weight Study of USDOT

This FHWA study establishes an ongoing truck size and
weight (TS& W) research activity within USDOT. Its 1998
report (USDOT 1998) summarizes aphase of the project rel-
evant to the present NCHRP study. In that phase, severa
vehicle scenarios of truck weight limit change were con-
sidered and compared with a base case to estimate the cost
impact. Each scenario included seven or eight truck configu-
rations. The base case represents the condition in Y ear 2000,
absent of any significant changesto the nation’s TS& W rules.
Then cost impacts of these proposed scenarios were esti-
mated with reference to the base case. Bridge-related costs
were considered as part of the agency costs.

The bridge cost impact was estimated based on replace-
ments triggered by overstress due to the scenario vehicles
beyond an overstress allowance. This alowance is 30 per-
cent for bridges designed for H-15 loading and 5 percent for
bridges designed for HS-20 loading. This set of overstress
criteriadoes not appear to be completely consistent with high-
way agency practice. While load ratings do play arolein
deciding bridge replacement, they are certainly not the only
factor considered there. Further, the quantitative overstress
criteria (30 percent and 5 percent, respectively, over H-15
and HS-20) are not typically practiced by the agenciesin the
country.

In this USDOT study, fatigue was considered to be sec-
ondary for the following justifications given in the report:
(2) It generally affects only steel bridges whose share in the
nation’ s bridge population is decreasing. (2) Fatigue damage
can generaly be repaired inexpensively. (3) Most bridges
have been designed with an adequate fatigue code. It should
be noted that the effort reported in Laman et a. (1997) was
also part of thisstudy, although it was not explicitly included
inthereport (USDOT 1998). As mentioned in Section 2.1.9,
Laman et al. (1997) did devel op cost responsibilities of vehi-
clefleetsfor steel fatigue.

The reported FHWA method can beimproved for meeting
the objective of the present NCHRP project. At the state level
or alocal level, cost impact estimation could be conducted in
more detail, because more detailed bridge data are available

and the number of bridges becomes smaller. Thisis partic-
ularly true when dealing with each bridge’ s load rating and
selecting the response to anticipated overstress due to changes
intruck weight limits. The objective methodol ogy isto bereal -
istically consistent with agency operation.

2.1.14 Summary

The following conclusions are made as a summary of the
abovereview. (a) For estimating bridge-network cost impacts
of truck weight limit changes, redlistically selecting the action
responding to theidentified bridge fatiguefailure cost and defi-
ciency is important to reach credible results. (b) Estimating
cost impact of deficiency due to truck weight changes has
typically used a deterministic approach to selecting the load
requirement. Thiscan beimproved by introducing probability-
based decision approaches covering bridge safety. The latest
AASHTO code devel opment has established abenchmark in
this regard (AASHTO 1998, AGLichtenstein & Associates
1999). (c) With load ratings and more detailed information
available for individua bridges, fidelity of cost impact esti-
mation can be enhanced. (d) Fatigue cost impact should be
estimated realistically by considering actions likely to be
taken by agenciesto address estimated or observed damage.
Also, it should use avail able data (e.g., truck traffic volume
and presence of fatigue-prone details) to the fullest extent.
(e) Fatigue of reinforced concrete decks has not been quan-
tified, although it is acknowledged. This situation also needs
to be improved, because a significant amount of resources has
been used to perform deck renewal, including overlay and
replacement. (f) The impact on new bridges has been investi-
gated. It can be improved by quantitatively considering the
uncertainty involved in future loading. It will be consistent
with the latest AASHTO design and evaluation specifications
adopted and under review (AASHTO 1998, AGLichtenstein &
Associates 1999).

In summary, the objective methodology should be con-
sistent with highway agency practice, as guided by current
AASHTO specifications. It aso should represent state of the
art in analysis techniques and use the available data to the
fullest extent. The improvements discussed above have been
implemented in the recommended methodol ogy presented in
Appendix A.

2.2 HIGHWAY AGENCY PRACTICE RELEVANT
TO COST-IMPACT STUDY

A survey of highway agencieswas conducted in this study
to obtain thefollowing information: (1) Recent experiencein
predicting truck weight histograms and modeling steel-
bridge-fatigue (reduced life). (2) Recent experience with esti-
mating bridge-network costs. (3) Data availability for such
estimation (e.g., detailed data of specific damage histories,
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bridge related data, etc.). (4) Current practice of treating
bridge damage and deficiency, to help validate steps to be
included in the recommended methodology, as well asthose
used in the studies reviewed above.

With assistance of the project panel, NCHRP, and several
state agency personnel, two questionnaires were devel oped
for bridge owners within and outside this country, respec-
tively. These questionnaires were devel oped to minimize the
effort required to answer the questions, but to maximize use-
ful leads to more detailed information. On the other hand,
this approach required significant efforts for follow up con-
tact to acquire more detailed information.

Thirty-eight agencies responded to the domestic ques-
tionnaire, including 36 states, Port Authority of NY and NJ,
and NY Thruway. Twelve responses were received from
7 other countries—Australia, Canada, Germany, Japan,
New Zealand, Switzerland, and United Kingdom. The
results are discussed below.

2.2.1 Prioritizing Cost Impacts Covered in the
Objective Methodology

The survey solicited cost impact categories other than the
ones mentioned above: (1) fatigue of existing steel bridges,
(2) fatigue of existing reinforced concrete decks, (3) deficiency
due to overstress for existing bridges, and (4) deficiency due
to overstressfor new bridges. Asaresult, the following items
were suggested once each by one of the 38 domestic agencies
that responded: (1) Hinges and open grid steel deck; (2) tim-
ber bridges and small structures (such as culverts); (3) pre-
stressing tendon fatigue and prestressed concrete beam crack-
ing; (4) superstructure uplifting; and (5) expansion joints and
bridge railings.

For each of these items, the agency raising the issue was
contacted to understand the scale of the problem, the effort
spent on investigation if any, and available data to quantify
associated costs. Further, aliterature search was madefor the
particular item. It was found that none of these items repre-
sents a widely spread problem, or little research effort has
been reported on them to provide the data and understanding
needed to quantify the cost impact, if significant. With con-
sideration to the time and funding constraints, theseitemsare
not prioritized in this research effort.

In the received responses to the domestic questionnaire,
no agency reported fatigue damage of prestressed concrete
beams. Further, only Washington DOT indi cated acase of steel
expansion joint fatigue failure. A follow-up discussion with
the agency’ s contact engineer found that it occurred to avery
special type of joint, whichisnot widely used in the country.
Thus, these two cost-impact categories were not prioritized
herein thisproject. Furthermore, collision damageto bridges
by trucks was mentioned in one of the conversations with
state agency personnel. However, it was considered acciden-
tal and not necessarily directly correlated with truck weight
limit changes.

2.2.2 Accomplishments with Respect to the
Survey Objectives

For recent experience in predicting TWHs and modeling
steel bridge fatigue, the survey identified no new develop-
ments beyond what is summarized in Sections 2.3.1, which
is based on the research team’ s experience. For Question 1-4
regarding whether experience or data exist in understanding
truck traffic reaction to possible weight limit changes, afew
responses indicated positive answers. However, follow-up
contacts found no analysis results that could be useful for
developing the recommended methodology in this project.
Ontheother hand, the survey dididentify several recent stud-
ies on estimating bridge cost impact resulting from truck
weight limit change. They have been included in the review
presented in Section 2.1.

With respect to data available for the application of the rec-
ommended methodology (Question I-8), thissurvey found that
most state agencies (29 out of the 36 that responded) have a
database of bridge-related costs. These databases can be used
in application of the recommended methodology. Obviously,
these jurisdiction-specific data would be more accurate than
the default data provided in Appendix A. On the other hand,
only 7 out of the 36 states indicated that they keep track of
fatigue damage-related costs (Question 11-1). Further, 6 out
of the 36 statesindicated that they have studied cost increase
by designing bridges for higher design load. Follow-up con-
tacts for gathering these cost data actually found out that the
data are not readily available, either because they were not
filed or not quantitatively calculated in the first place. This
finding indicates a set of data that needs to be provided for
application of the recommended methodology. (Thisneed is
met by providing the default dataincluded in Appendix A, as
an attachment to the recommended methodology.)

Thissurvey also tried to understand agencies' typical reac-
tion to observed damage and deficiency of bridge compo-
nents, for devel oping arealistic cost-estimating methodol ogy.
According to the answersto Question I1-1, al state agencies
have experienced steel fatigue failure (cracking). Repairing
and monitoring fatigue damage appear to be the common prac-
tice. Twenty out of the responding 36 states indicated that
they replace damaged components. Thirty-four out of 36 states
repair steel bridge members with fatigue damage. For defi-
ciency inload carrying capacity (quantified by load rating), the
immediate reaction usually is posting. Then other longer-term
solutions (strengthening or replacement) are implemented if
warranted. In this respect, action for addressing reinforced
concrete bridge deck damage and deterioration is more vari-
able. Understanding these options leads to having reaction
options in the recommended methodology. This should be
consistent with the state’ s practice.

2.2.3 Others

The received responses also indicated several other inter-
esting facts: (1) 16 out of the 36 responding states have
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reported that there have been changes to their weight limits
since 1980, with 3 states not answering that question. The
details given by the agencies about these changes all show an
increase in the truck weight limits. (2) Truck traffic has not
been extensively studied, or at least these studies have not
been made available to the personnel who were involved in
responding to the questionnaire. This situation is more severe
when it comestoillegal over-weighted trucks. (3) A few states
(7 out of the responding 36) havefatigue-prone detailsinven-
toried. This indicates a plausible trend of establishing such
databases. On the other hand, it &l so highlightsaneed for the
recommended methodol ogy to provide guidelines for identi-
fying vulnerable bridges for fatigue cost impact estimation,
when no such database can be used. (4) In terms of actions
taken in response to damage and deficiency and efforts spent
on studying relevant issues, asimilar trend was observed with
those agencies outside the country.

2.3 FATIGUE AND DEFICIENCIES OF BRIDGE
COMPONENTS CAUSED BY HEAVY
TRUCKS

Heavy trucks demand highway bridgesto have certainload-
carrying capacity. This demand dictates the bridge design
load. It isalso observed that heavy trucks more directly con-
sume these facilities than other lighter vehicles (such as cars
and 4-tirelight trucks). In 1979, the U.S. General Account-
ing Office (US GAO) submitted a report to the Congress,
entitled “Heavy Trucks: A Burden We Can No Longer
Take” (US GAO 1979), about truck weight effects on high-
way deterioration at the national level. A questionnaire was
sent to the states to gather information in this regard. With
respect tolegal trucks' contribution to highway deterioration,
the following opinions were reported:

Extent of Trucks
Contribution to Highway

Deterioration Number of States
To very great extent 5
To substantial extent 21
To moderate extent 17
To some extent 6
To little or no extent 0
No response 1

As seen, alarge magjority (86 percent) of the states felt that
trucks contribute at least moderately to highway facility
deterioration.

Based on the review of relevant studies presented above
and other published and unpublished experience of bridge
engineers, thefollowing four cost-impact categoriesare quan-
tifiable using information available to highway agencies:

1. Fatigue of existing stedl bridges,
2. Fatigue of existing RC decks,

3. Deficiency due to overstress for existing bridges, and
4. Deficiency due to overstress for new bridges.

In addition, mechanisms of the categories are better under-
stood compared with other cost impacts. Thusthese four cat-
egories are prioritized in this study and included in the rec-
ommended methodology for predicting induced costs to the
agency as aresult of truck weight limit change. Each cate-
gory’ smechanism isdiscussed below in more detail. Knowl-
edge needed to quantify the impact costsis also reviewed in
this section to provide a foundation for the approaches used
in the recommended methodol ogy.

Note that the order of these prioritized items has no sig-
nificance but is used for convenient reference. The prioriti-
zation of these four categories has considered present under-
standing of the associated phenomena, available data, and
relative significance in the total cost results. For each of the
prioritized cost impact categories, two levels of datarequire-
ment are recommended, which respectively correspond to
two levels of analysisdetail. The lower level (Level 1) repre-
sentsthe minimum level of datarequirement or analysisdetail.
Itisenvisioned that all state agencieswill be ableto meet that
level of data requirement for the application of the recom-
mended methodology. The higher level (Level 1) represents
the highest level for data requirement (and corresponding to
the highest level of analysis detail) possibly reachable cur-
rently or in the foreseeable future. For example, the level 1
analysis is envisioned suitable for a true bridge-by-bridge
application for steel fatigue assessment, when detailed infor-
mation on each bridge is made readily accessible through
Virtis. On the other hand, currently Virtisisnot fully loaded.
Thus, it is expected that no state agency may be able to use
the Level Il analysis for all four cost-impact categories
prioritized here because the dataavailability variesfrom state
to state and from category to category, sometimes very
significantly.

2.3.1 Steel Bridge Component Fatigue

Fatigue of steel bridge components has been extensively
investigated. Moseset al. (1987) containsacomprehensivelist
of references on this subject. The survey resultsfor this project
indicate that the vast mgjority of state agencies have experi-
ence with fatigue damage (cracking). According to the princi-
ples of fracture mechanics, fatigue damages originate from
microscopic discontinuities in the material under cyclic load-
ing. These discontinuities cause stress concentration, with a
stress much higher than that the member is normally expected
to withstand. For steel bridge components, such discontinu-
ities may be caused by lack of fusion in aweld, sudden geo-
metric change at a connection, etc. Current fatigue life esti-
mation in the United States is based on the fatigue category
(likelihood of discontinuity), nominal stressrange, and num-
ber of stresscycles.
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Effect of Truck Weight on Bridge Network Costs

Based on quantitative understanding of fatigue behavior
by physical testing, current AASHTO bridge design and eval-
uation specificationsinclude provisions covering this subject
(AASHTO 1994, 1996, 1998). Note that the new generation
of codes (AASHTO 1990, 1994, and 1998) representsamore
realistic approach to modeling and estimating fatigue accu-
mulation. Further note that, despite intensive research efforts
spent on this subject, a notable amount of uncertainty is still
present in the design and eval uation process as guided by the
code provisions. This uncertainty has been quantitatively
addressed in the AASHTO codes (1994 and 1998). The rec-
ommended methodology uses AASHTO (1990, 1994) and
its anticipated load and resistance factor (LRFR) version
(AGLichtenstein & Associates 1999) for estimating steel
fatigue damage accumulation, asincluded in Appendix A.

This section reviews the development of the fatigue life
assessment procedures contained in the AASHTO Guide
Foecificationsfor Fatigue Evaluation of Existing Seel Bridges
(1990). The new AASHTO LRFD Bridge Design Specifica-
tions (1998) and the proposed AASHTO LRFR bridge condi-
tion evauation manual (AGLichtenstein & Associates 1999)
both excerpt their provisions from the 1990 guide specifica
tions. All of these documentsrely, for the cal cul ation of fatigue
life of steel attachments, on the work performed in NCHRP
Project 12-28(3) and published in NCHRP Report 299 (Moses
et a. 1987), aswell as the supporting truck loading database,
reliability studies, and fatigue tests carried out in recent years.
Of specia concern to this NCHRP project is the influence of
the truck weight distributions on ng remaining fatigue
life and what, if any, developments have occurred since the
fatigue provisions cited above were first proposed.

2.3.1.1 Fatigue Damage Accumulation

Fatigue is a cumulative process in which repetitive stress
cycles accumulate damage until failure occurs. The basic
concept of the fatigue design and assessment for bridges
relates to the fact that each cycle of truck passage causes
some damage. The damage due to a population of trucks
accumulates until failure (cracking) occurs. The damage
caused by each truck depends on the vehicle weight, the
bridge's span length, and member section dimensions.

Based on experimental data and fracture mechanics
principles, it is observed that
Fatigue damage is proportional to (Stress range amplitude)®  (2.3.1.1)
The stress range is the difference between the maximum and
minimum stress caused by a vehicle passage at the location
of concern. The exponent of 3.0in Eq. 2.3.1.1 for the welded
steel attachments is an important parameter in comparing
influences of variable stress amplitudes. It means that if the
stress amplitude is doubled, the fatigue damage will increase
by afactor of eight. To account for different stressrangesdue
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to various truck weights, alinear damage accumulation law is
usually assumed (Moseset al. 1987). The damage of one stress
cycleisinversely proportional to thelifethat would exist if that
stress of constant amplitude were cyclicaly repeated. Thelife
for constant stressamplitudeis predicted using the stress-life
(S-N) curve for that type of attachment based on physical
testing. Thus, in a non-dimensional form, failure (cracking)
occurs when a damage sum D equals 1.0 (Miner’srule):

N

D=ZNi

(2.3.1.2)

where n; isthe number of stress cycles due to vehicle weight
and classi. N; is the number of cyclesto failure from the S-N
curve if only the stress corresponding to vehicle weight and
classi were applied.

Using the data devel oped from tests and the exponent of 3.0
mentioned above, a constant amplitude fatigue life leads to:
NiSE=b (2.3.1.39)
where S; isthe constant stressrange leading to the number of
cyclesto failure, N;. Factor b is a constant depending on the
fatigue strength of the detail, and it is explicitly considered
and tabulated in the design and evaluation procedures
(AASHTO 1990, 1998). Eq. 2.3.1.3a can be rewritten in a
different form:

Log S; = (/s) Log b — (*s) Log N; (2.3.1.3b)
or
LogS;=A +BLogN,;

(2.3.1.3¢)

A=(Y3)Logh; B=-(Y)

where Log isthe logarithm function.

2.3.1.2 Fatigue Truck Modeling

Furthermore, let the stress amplitude S;; for a given vehi-
cle typej and weight level i be taken as proportional to the
vehicle weight W:
where K; isaconstant depending on the vehicle’s configura-
tion (axle spacings and weight distribution among the axles)
and bridge span configuration. For a particular truck type
and weight, the frequency of truck weight is f(W;;). Sulbsti-
tuting for the damage accumulation dueto given vehicle class
j shows that:

D, = K Z; f(W)W3 = K [Weg,]?

(Weqj = [Zf (Wi) Wi *) (2.3.15)

Copyright National Academy of Sciences. All rights reserved.
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where K is a constant, and W, is then the equivalent weight
of vehicle class| that provides the same fatigue damage asthe
vehiclesof that particular vehicle class. The magnitude of W
issometimesreferred to asthe fatigue truck weight and equals
the cube root of the sum of the cubes of the truck weight dis-
tribution. It was observed from weigh-in-motion (WIM) stud-
ies(Moseset al. 1987) that the dominant contribution to fatigue
damage of bridge spans comes from the 5-axle tractor-trailer
vehicles(3S2s). Thusal truck classeswere convertedtoasin-
gle type such that the overall damage could be expressed by
the response of the span to asingle 3S2 truck with fixed wheel
base and axle load distribution. Fig. 2.1 shows this truck for
fatiguedamage evaluation (AASHTO 1990). Notethat each of
the two heavier axles, weighing 0.4444 of the GVW, may be
viewed to represent 2 tandems of atypical 3S2 vehicle.

To calculate fatigue stresses and evaluate fatigue life, it is
convenient to use such a single-vehicle representation in both
design and evaluation. The latest AASHTO specifications for
design (1998) and evaluation (1994) usethisfatiguetruck given
in Moses et a. (1987). This vehicle was based on observed
data from WIM studies in the early 1980s. The fatigue truck
weighs 54 kips and its dimensions were selected by examining
over arange of bridge spans, so that arandom sample of trucks
would produce the same fatigue damage for afixed volume of
traffic as the fatigue truck with the same number of crossings.

Both the fatigue design and evaluation procedures were
introduced to also provide a predicted fatigue life with some
margin of safety. These margins were derived so that for
redundant spans (component safety), there was only a prob-
ability of 2.7 percent that the failure (cracking) would occur
during the assessed life (the safety index equal to 2.0). For non-
redundant spans (system safety), the corresponding probabil-
ity was 0.1 percent during the assessed life (the safety index
equal to 3.0).

The random variables considered in this reliability based
analysis of fatigue life included the uncertainty of several
factors. They aretruck weight distributions, traffic volume,
accuracy of the stressrange cal culation, dynamic stressampli-
tude, truck superposition or bunching, member section prop-
erties, constant amplitude fatigue lives, and modeling includ-

ing the use of Miner's damage accumulation law. Many of
thesevariablesexhibit considerable uncertainty. Thefactorsof
safety or safety margins must be made larger to cover larger
uncertainties. Such uncertainties can be reduced using site-
specific truck-traffic data and/or performing more precise
stress calculations. These actionsare“rewarded” in the eval -
uation calculation by permitting lower safety factors to be
used, according to the AASHTO provisions.

2.3.1.3 Fatigue Life Evaluation Procedure

The following steps are used in the AASHTO (1990)
fatigue life evaluation procedure.

1. Calculate the effective stress range for the detail being
evaluated. This can be done by using acalculated stress-
amplitude based on the fatigue truck model. Alterna-
tively, the evaluator can use stress measurements at the
weld detail, or adjust the fatigue truck parameters with
site-specific WIM data. Depending on the selection, a
different safety factor is used to cover altered uncer-
tainty. Note that if the equivalent stress falls below a
certain tabulated value for a given weld detail, then the
fatigue life may be assumed as infinite. The following
discussionsarefor those caseswhere the stress exceeds
the so-called infinite life threshold.

2. Use an assumed truck superposition effect of 15 per-
cent to account for situationswhen the truck traffic leads
to frequent side-by-side events. Asthevolumeincreases,
this 15 percent factor may need reevaluation.

3. Use afixed dynamic amplitude increase 15 percent in
the stress range. This value can be adjusted based on
roadway roughness conditions.

4. For agirder bridge, calculate the bending moment range
(maximum minus minimum).

5. For a girder bridge, distribute the bending moment to
the girder being checked. Although (AASHTO 1990)
allows for arigorous procedure such as finite element
analysis with a reduced safety margin, the specifica-

YA

112w

6k 24Kk

24k W = 54k

Figure2.1. AASHTO fatigue truck model.
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tion's lateral distribution factors may be used. These
formulas have recently been changed in the AASHTO
LRFD Bridge Design Specifications (1998). Thischange
is discussed further below.

6. Use the girder moment and the section dimensions to
estimate the stress range. A more liberal estimate for
the section modulus may be used than allowed for in
strength capacity checking.

7. Compute the total fatigue life, including safety margin
cited above, from the following formula:

fK [110°

Y T.CRS ) (2.3.1.6)
whereY istotal lifeinyears. K isaconstant tabulated in
the code (AASHTO 1990) for each category of fatigue
sensitive detail. T, is an estimated lifetime-average
daily truck volumein the outer lane. (Note that the pro-
cedure given in the AASHTO specifications represents
an approximation for T, An improvement is recom-
mended in Chapter 3 and included in the recommended
methodology in Appendix A.) Cisthe stress cycles per
truck passage provided in the specification. Rgisareli-
ability or safety factor. It adjusts for the target safety
index cited above for redundant and non-redundant
spans, and also for the reduction of uncertaintiesresult-
ing from acquisition of site-specific data. Factor f is
taken as 1.0 for calculating the safelife and 2.0 for cal-
culating the mean life.

The remaining mean life is obtained by subtracting the
current age from thetotal life'Y in Eq. 2.3.1.6. It isalso pos-
sible using provisions in the AASHTO guide specifications
(1990) to adjust for different fatigue truck weightsin differ-
ent intervals of thelife and in the future aswell as changesin
truck volume and future expected truck volume growth rates.
This approach is used in the recommended methodology in
Appendix A.

2.3.1.4 Interpretation of Fatigue Life Evaluation
Results

It should be strongly emphasized here that the fatiguelife
assessment is used in two ways. One is at the design stage
to size and check for a particular component. If the compo-
nent does not satisfy the design requirementsfor fatiguelife,
then it must be increased in size and rechecked. The cost for
increasing the member size is relatively small, if done at the
design stage. For example, TRB Special Report 225 (1990a)
reported that increases in design load from HS-20 to HS-30
might involve an average bridge cost increase of only several
percent.

The other way of using the fatigue life assessment is to
evaluate existing bridges. Thelife hasto be checked with the
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existing sizes of the membersin the span. If the member does
not satisfy the check, it means that the calculated safety life
with required saf ety margin isinadequate. Increasing the size
or resistance of a component by repair or rehabilitation can
be expensive for existing spans. However, acalculated inad-
equate fatigue life does not mean that failure is imminent
because safety is checked with atarget reliability goal asdis-
cussed above. Because of the considerable uncertainties in
fatiguelife prediction (Moses et a. 1987), AASHTO (1990)
gives several optionsfor this situation. Theseinclude (a) cal-
culating the fatigue life more accurately using site-specific
data along with the procedures provided; (b) instituting more
frequent field inspections guided by the results of the fatigue
life calculations; (c) repairing the bridge; and (d) restricting
load levels on the bridge. In other words, many spans can
remain in service despite the fact that they do not passan ini-
tial test of acalculated remaining fatigue life. As a matter of
fact, there are many spans in service that have redundant
members performing satisfactorily for years despite reveal -
ing the presence of fatigue cracks. State agencies do have
such experience, according to the received survey responses.

The fatigue stress checks discussed so far are for main
members considering design loads. Thereisanother category
of stressrelated to distortion of members, especialy, at ends
of connection plates. It causes very high stress concentration
leading to fatigue failure. These events are difficult to pre-
dict. Although these events are not covered in the conven-
tional design and evaluation procedures, it is also true for
such distortion cracking that the hot spot stress is propor-
tional to vehicle weights.

2.3.1.5 Latest Developmentsin Relevant Areas

The fatigue life assessment provisions discussed above are
now well accepted in both design and evaluation of steel
bridges. This section discusses devel opmentsin several aspects
of the fatigue evaluation procedures that have arisen since
AASHTO 1990 was adopted. They are: (@) fatigue truck
model, (b) truck volume, (c) bridge analysis, and (d) fatigue
crack modeling. These developments may have an influ-
ence on applying the recommended methodology for fatigue
assessment.

2.3.1.5a Fatigue Truck Model

Thedistribution of truck weightsamong various classesand
their dependence on changesin truck weight limitsis of inter-
est in this study. As seen above, Moses et d. (1987) assumed
that fatigue damage could be lumped using the 3-S2 tractor—
trailer classwith afixed wheel base and axle weight distribu-
tion, as shown in Fig. 2.1. It would appear that for some sites
and bridge spans, this assumption may no longer be adequate,
especially for some scenarios of truck configuration resulting
from atruck weight limit change. Truck data from various

Copyright National Academy of Sciences. All rights reserved.
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WIM stations will need to be examined to determine how
much influence separating trucksinto individual classes and
doing an individual damage sum will cause to the variation
in fatigue life estimates. This influence may or may not war-
rant a change in the fatigue truck model. Thisissueisinves-
tigated further in Section 3.3 for aspecific scenario of weight
limit change.

It should be noted that a 10 percent increase in effective
stress or effective truck weight causes about a 33 percent
increase in fatigue damage. When considering an existing
span, theremaining lifeiseven further influenced. For exam-
ple, if aspanis50 yearsold and the calculated total lifeis 70
years, then the remaining life is 20 years. If however, the
effective stress is assumed to be 10 percent higher, then the
calculated total life isonly 52.5 years and the remaining life
isonly 2.5 years. Of course these adjustments in stress must
be made in increments depending on when the changein traf-
fic has occurred.

2.3.1.5b Bridge Stress Analysis

Severa changeshave occurred recently in stresscalculation
procedures for bridges that affect the calculation of fatigue
lives. This discussion concerns the calculation of stressin
girder bridge spans being relevant to most steel bridges. In
the AASHTO specifications (AASHTO 1996), thelateral dis-
tribution factor for steel girders supporting a concrete deck
usesasimpleformula, namely, Sover 14, where Sisthe spac-
ing of the girdersin feet. This formulais intended to distrib-
ute the truck load to individual parallel girders for the worst
condition for design, not necessarily appropriate for fatigue
evaluation.

The AASHTO guide specifications (1990) modified this
formulaand made the lateral loading formulaequal to S over
D, where D ranged from 17 (for a short span bridge of 30 ft)
to 23 (for along span exceeding 120 ft). That is, the longer the
span, the more equal sharing of the truck load takes place
among the girders. For example, D equals 20 for a 60-ft span.
For an 8-ft girder spacing (S = 8), the lateral distribution fac-

tor would be 8 over 20 or 0.400, compared with §/14 = 8/14 =
0.571. The former isonly 70 percent of the latter. Using the
accordingly reduced stress range, the calculated fatigue life
could increase almost three times compared to using S/14
in the AASHTO design specifications (1996).

Since the publication of the AASHTO Guide Specifica-
tions for Fatigue Evaluation of Steel Bridges (1990), a new
development has taken place regarding the lateral distribu-
tion factor. The so-called Imbsen formula was devel oped,
fitted from results of rigorous finite element grillage analy-
ses of bridge spans. Table 2.1 compares these distribution
factors for several typical bridges, including the lateral distri-
bution formulafor design, the new Imbsen formula, the results
of arigorous grillage model, and that in AASHTO' s specifi-
cations (AASHTO 1990). Bala Sivakumar with A.G.Lichten-
stein & Associates provided these values. This table shows
that the Imbsen distribution formulais higher than those from
the rigorous grillage analysis. The AASHTO guide specifi-
cations (1990) method predicted the load distribution fairly
well. Note that for fatigue estimates, a 10 percent difference
in stress calculation leads to a 33 percent changein life. Fur-
ther, when the remaining life of an existing bridge is con-
cerned, the difference could be even larger, depending on the
used (current) life.

2.3.1.5c Fatigue Crack Modeling

The fatigue damage accumul ation described above uses a
simplified Miner damage accumulation law and an assump-
tion that all stress occurrences contribute to the damage. This
assumption was based on the dataavailable at thetime. Some
researchers have called for afurther study to verify the behav-
ior of variable amplitude stress cycles in steel bridges. No
results can be used at this time. Thus, the AASHTO guide
specifications (1990) procedure is used in the recommended
methodology in Appendix A. Possible future results from
research in this direction may be of interest to bridge engi-
neers and researchers, in relation to future improvement of
the methodol ogy.

TABLE 2.1 Comparison of girder distribution factors (singlelane)
(data provided by B.Sivakumar of AGLichtenstein & Associates)

Span —ft (Spacing-ft) | Imbsen AASHTO 1996 | Grillage AASHTO 1990

Formula* Design Specs: Method Guide Specs
S14 SD

1.65 Steel stringer | 0.383 0.524 0.35 0.360

(5=7.33)

2. 80" Steel Composite | 0.355 0.571 0.35 0.375

(S=8.0)

3. 125' Steel Composite| 0.365 0.559 0.30 0.340

(5=7.83)

4. 161’ Steel Composite| 0.448 0.929 NA** 0.353

(5=13)

* One lane distribution truck load per girder based on new Imbsen formulas without 1.2 multiple

presence factor.
** NA = Not available

Copyright National Academy of Sciences. All rights reserved.
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2.3.2 RC Deck Fatigue

RC bridge decks are commonly used in highway bridgesin
the United States. They provide the driving surface and aso
transfer wheel loads to the supporting beams or stringers. It
has been observed that these decks deteriorate at a faster
(sometimes much faster) rate than the supporting beams or
stringers. There are many factors contributing to this deterio-
ration rate. Truck load is one of the mgjor ones. This can be
seen in the following data.

2.3.2.1 Effect of Truck Loads to RC Bridge Deck
Deterioration

Table 2.2 shows a comparison of condition history for two
RC decksin California. One of them (Bridge 33-198 on 1-880)
permits all trucks, the other (Bridge 33-324 on 1-580) allows
only trucks with GVW below 5 tons. These two routes are
parallel to each other, asshownin Fig. 2.2. Essentially, 1-580
isan alternativerouteto 1-880 for lighter vehicles. Asshown,
the environmental conditionsfor these two bridges are virtu-
ally the same. No deicing chemicals have been used on these
two routes shown. Both bridges have continuous spans of rein-
forced concrete box girders with an RC deck. The deck on
Bridge 33-198is0.191 m (7.5 in.) thick and that on 33-324 is
0.165m (6.5in.) thick, according to the design drawings. The
reinforcement is virtually the same in these two decks.

The condition histories in Table 2.2 were directly taken
from respective bridge inspection reports without editing.
One exception is that two tables of potholesin the 1982 and
1983 inspection reports for Bridge 33-198 are summarized
for clarity and saving space. Bridge 33-198 had a significant
repair for potholes approximately at the age of 29 yearsin
1986. In contrast, Bridge 33-324 did not need repair at asim-
ilar age. More importantly, the former has shown more pot-
holes since that repair, and the latter still does not need such
repairsalthough some cracking isobserved. Notethat the 33-
198 deck is about 15 percent thicker than the 33-324 deck.
This provides significantly higher shear strength to resist
wheel |oads.

It isconcluded that the differencein the two decks' condi-
tion was due to the different truck loads carried, also shown
by truck traffic in Table 2.2. These two routes have had sim-
ilar total annual average daily traffic (AADTS) over these
years, but very much different truck traffic. At the sametime,
Bridge 33-198 has carried 15 to 25 times more trucks, which
are much heavier than those carried by Bridge 33-324.

Moreover, Table 2.3 showsasimilar comparison of another
pair of decks, whoselocationsareaso giveninFig. 2.2. Both
are RC dlab bridges with amuch thicker slab. Bridge 33-273
carries [-880 alowing all trucks, and Bridge 33-317 carries
[-580 allowing lighter trucks up to 5 tons. Bridge 33-273
has a slab thickness of 0.343 m (1ft and 1.5in.), and Bridge
33-317' s dab thickness is 0.686 m (2 ft and 3 in.). For both
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bridges, Table 2.3 shows no potholes at all, except some
cracks. Note that the truck traffic on Bridge 33-273 has been
9 to 15 times more than that on Bridge 33-317 for any given
year. The tota traffic has been similar between these two
bridges. This comparison in Table 2.3 indicates that envi-
ronmental factors (such aswater presence or exposureto salt)
may not necessarily play adriving role in RC deck deterio-
ration. It is the load versus the strength (for fatigue) that is
the major factor for RC deck deterioration, at least in areas
where no or little salt is used.

It should be noted that for many other areasin the country,
alarge amount of deicing chemicalsis used for winter safety
maintenance. RC bridge deck deterioration has been found to
be strongly correlated with steel reinforcement corrosion
caused by deicing chemicals. Weyerset al. (1993, 1994) pro-
vided several methods to predict the service life of an RC
deck as aresult of rebar corrosion, as part of the products of
the SHRP research program. This factor should also be cov-
ered in estimating the service life of an RC bridge deck.

2.3.2.2 Fatigue Mechanism of RC Bridge Decks
Under Wheel Loads

Fatigue of RC bridge decksdueto truck loads has attracted
research attention for over two decades. Until recently, this
topic was investigated using a stationary load with varying
magnitude, referred to as a stationary pulsating load. Such
loading setup was used perhaps because steel fatigue testing
was typically donethisway. During the late 1980s and early
1990s, Professor Shigeyuki Matsui at Osaka University in
Japan (Matsui and Muti 1992, Matsui 1991) and Professor P.
Perdikarisat Case Western Reserve University (Perdikaris et
al. 1993) led independent groups studying this subject using a
simulated moving wheel load on deck models. Both groups
found that a moving load is much more damaging than a sta-
tionary pulsating load. Resulting cracking very closely resem-
bled that observed in real bridge decks in service. Both show
a “grid-like” pattern, with the cracks following reinforce-
ment bars, while the pulsating load testing causes aradial or
“fan-like” pattern of cracks.

These test results also explained the mechanism of RC
deck damage being that of shear fatigue. As discussed ear-
lier, fatigue damage originates from discontinuities such as
very small cracks. Two likely causes of visible cracks are
concrete shrinkage (Krauss and Rogalla 1996) and truck over-
loads (Kostem 1978, Fu et al. 1992, 1994). Unfortunately,
such cracks cannot be eliminated using today’ s technology.
They are considered the triggers of fatigue damage accumu-
lation in RC decks. Cracks then grow because of load cycles
and cause further deterioration.

AsshowninFig. 2.3, when atransverse crack ispresent, the
shear force induced by the truck wheel introduces stress con-
centration at the crack tip. This stress concentration becomes
the driving factor for fatigue damage accumulation. This
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TABLE 2.2 RC bridge deck performance comparison (RC box girder bridges)
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Figure2.2. Locations of California bridges compared in
Tables2.2 and 2.3.

mechanismissimilar to steel fatigue discussed above. Worse
yet, the wheel load movement across a deck causes rubbing
of the two concrete surfaces of the crack, widening it and
accelerating deterioration. When alongitudinal crack ispres-
ent due to an overload (or discontinuity due to lack of con-
crete consolidation), the situation issimilar although the stress
range is not the same. The shear force at a transverse crack
changes sign when awheel crossesthe transverse crack, while
the shear force at alongitudinal crack does not change sign
when awheel moves along the crack. Portland cement con-
creteistypically an inhomogeneous material. Thus, existing
cracking may propagate in different orientations at various
locations, resulting in a system of cracks. When discontinu-
itiesexist (e.g., dueto lack of concrete consolidation in con-
struction), larger cracks will eventually “connect” them to
form a system of cracks. It is found that lack of consolida-
tion in construction often occurs immediately underneath
reinforcement bars, because the vibrator sometimes does
not reach these areas. This results in original discontinu-
ities. When these discontinuities are gradually connected to
each other by larger cracks' propagation, the grid-like crack-
ing pattern develops following reinforcement bars (Matsui
1991, Perdikaris et al. 1993).

Furthermore, when water (rain, snow, or even significant
moisturein air) is present in the crack, the situation notice-
ably worsens (Matsui 1991, Kato and Goto 1984, Okada et al.
1978). In addition, it should be noted that these results
(Perdikariset a. 1993, Matsui 1991) were obtained in the lab-
oratory using models tested over a short period of time. Some
worsening factors were not adequately covered. Two major
ones are discussed here. First of all, the wheel load’ s dynamic
effectswere not model ed because the test load could not reach
the real wheel speed for full scale models or its scaled speeds
(according to the similitude theorem) for scaled models. It is
also difficult to model real bridge-surface-condition, which
has been found to dictate dynamic impact. Secondly, envi-
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ronmental effects (salt usage, steel reinforcement corrosion,
humidity variation, and freeze-thaw) on concrete crack prop-
agation were not covered due to the short testing time. Nev-
ertheless, these factors would worsen the fatigue performance
of the decks. In other words, these test results likely over-
estimate the fatigue life of RC decks, because these worsen-
ing factors were not covered in testing.

2.3.2.3 Fatigue Assessment for RC Decks for
Cost-Impact Estimation

For the objective of this project, amethod isdeveloped and
presented in Section 3.4 for assessing fatigue accumulation
in RC decks. Based on this concept, Appendix A presentsthe
procedure for Cost-Impact Category 2 for RC deck fatigue as
part of the recommended methodology. The method' s basic
concept is based on the experimental results obtained by the
independent research groups led by Matsui (Matsui and Muti
1992, Matsui 1991) in Japan and Perdikaris (Perdikaris et a.
1993) in the United States. The recommended procedure in
Appendix A to be used to estimate related cost impact is cal-
ibrated here using the U.S. practice experience and field con-
dition. A sensitivity analysisis presented there to understand
the effects of the input data on the final result. This RC deck
fatigue assessment procedureis given in aformat very simi-
lar to that of the AASHTO's steel fatigue assessment. Thus
understanding the concept of this new procedure is expected
to berelatively easy, which will help implement the recom-
mended methodology.

2.3.3 Deficiency Due to Overstress for Existing
Bridges

Highway bridges are designed for the design load at the
time. Thus, their load-carrying capacity is thereby limited.
When deterioration occurs, this capacity may be impaired.
For example, corrosion of steel could reduce the cross sec-
tion of a primary steel member and capacity of the bridge.
The safe load-carrying capacity of U.S. highway bridgesis
currently quantified by load ratings. There are two load rat-
ings according to current AASHO specifications (1994): the
inventory rating and the operating rating. The inventory rat-
ing indicates the permissible load under a bridge safety level
equivalent to that assured by design. The operating rating
permits a higher load, resulting in a lower safety level as a
compromise to maximize the use of the bridges, aswell asto
avoid high costs. Essentially, it gives the absolutely highest
permissibleload, with animplication to bridge structure safety.
Thesetwo ratings are based on legal loads and areinventoried
in the agency database as well as the database at the federal
level, the National Bridge Inventory (NBI). When the truck
weight limits are increased to allow heavier trucks, bridges
with marginally adequateload ratings may becomeinadequate
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TABLE 2.3 RC bridge deck performance comparison (RC slab bridges)

Age | Year [Total Truek HBridge 33-273 on L2380 Allowing Hesvy Trucks* Yeasr [ Toral Truck jRedge 33-317 on |-580 Not Allawing Heavy Trucks®
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Figure2.3. Shear fatigue of RC bridge deck under whedl loading (from Perdikaris et al. 1993).

under the new loading requirement. These bridges are then
said to be deficient under the new truck weight limits. Therec-
ommended methodol ogy includesthiscategory of cost-impact
estimation (excluding the costs for those bridges already defi-
cient without the weight limit increase).

Thiscategory of cost-impact resultsfrom the action respond-
ing to the identified deficiency. In general, the following
options may be considered as a reaction to an inadequate rat-
ing dueto atruck weight limit change: (1) posting, (2) strength-
ening or rehabilitation, (3) replacement, and (4) a combina-
tion of (1) and (2) or (1) and (3). Depending on a number of
other factors, such as special reductions in computing the
FHWA -defined sufficiency rating, the agency may select any
one of these options or a combination of them (e.g., post now
and replace the bridge a number of years later). It should be
noted that posting does not assure the same safety level as
strengthening or replacement. Truck weight enforcement mea-
sures also need to be implemented, particularly when alarge
number of bridges need to be posted, as a result of truck
weight limit change.

This part of the cost may be estimated considering the fol-
lowing factors: (a) how close the posting tonnage is to the
operating rating; (b) how often truckers violate the weight
limitsin the area; and (c) severity of the consequence if the
bridgeisoverloaded. Factor (a) isageneral consideration. As
pointed out in MinnesotaDOT (1991), “alowing weight lim-
its closer to the physical limits of highway facilities makes
compliance more essential.” According to current concepts

of load rating, operating ratings should be the absolute max-
imum for posting. On the other hand, some states also con-
sider the inventory rating in posting. The posted weight in
these states is set between the inventory and the operating
ratings. Factor (b) considers the “behavior culture” of truck
operators. It represents the risk involved in this operation.
This risk should be kept under control so as not to increase
as aresult of truck weight limit increases. Factor (c) should
be included in the decision-making process as the bottom
line. Note that there have been reports on bridge failure due
to overloading.

Next, this section discusses the devel opment of truck load
requirement for bridge evaluation. Thisrequirement isreflected
by one (or a set of) evaluation truck(s) along with the asso-
ciated load factors. For example, current AASHTO design
load requirement is represented by the HS-20 load (includ-
ing the lane load) as well as the live load factors specified
(AASHTO 1996). Further, current AASHTO evaluation load
requirement israther shown by not only the HS-20 vehicle but
also three additional rating vehicles (AASHTO 1994). These
load requirements are important factors in decision making
for bridge maintenance, repair, monitoring, and replacement.
These load requirements are expected to change as aresult of
truck weight limit changes.

Usually, the incremental costs associated with increasing
the load-carrying capability of new bridges are not rela-
tively large, as shown by the default data to the recommended
methodology in Data Set A-5.2.7 of Appendix A. A small
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percentage of incremental cost may provide as much as 25
percent increase in truck-load-carrying capacity (e.g., from
HS-20 to HS-25). On the other hand, the incremental costs
for strengthening existing bridges could be substantialy high.
Often, replacing the bridge becomes the most economical
alternative compared with strengthening. The review below
dealswith existing bridges. New bridges are covered later in
Section 2.3.4.

2.3.3.1 Modeling Truck Loads for Bridge
Evaluation

The bridge evaluation’s load reguirement should realis-
tically reflect trucks' loads on the bridges. Thisrequirement
therefore is expected to be correlated with the real truck
load spectra. Unlike design, the current load model for rat-
ing includes not only the HS load but also a series of vehi-
cle models known as the AASHTO rating trucks (AASHTO
1994). These vehicles are supposed to envelope the truck
weights and configurations allowed under the Federal Bridge
Formula. Further, some states supplement these AASHTO
rating trucks with additional vehicles to reflect the jurisdic-
tion’s weight regulations that may differ from those repre-
sented by the Federal Bridge Formula. In addition to the vehi-
cle models used, the live load factor specified should cover
uncertainty in truck load effects on the bridge spans, which
has been observed to be significant.

In addition to existing guidance (AASHTO 1994), thereis
also an AASHTO Guide Specifications for Strength Evalua-
tion of Existing Steel and Concrete Bridges (1989b), which
uses a load-and-resistance-factors approach to rating. It has
been incorporated into a new AASHTO Manual for Bridge
Condition Evaluation (AGLichtenstein & Associates 1999),
currently under review. Thelive load factorsin this new man-
ual will be flexible and can be site dependent. This structure
will allow consideration of site-specific information, such as
truck traffic volume and bridge condition. This draft manual
uses AASHTO rating trucks as nominal loads for rating.
Most importantly, the concept of determining the load rat-
ing requirement is based on a probabilistic approach that
explicitly coversinvolved uncertainty. Thisconcept isinte-
grated into the recommended methodology, which is sum-
marized below.

2.3.3.2 Truck Load Requirement for Evaluation of
Existing Bridges

As discussed above, two aspects need to be covered in a
new truck load requirement for bridge rating. Thefirst oneis
the new truck model, which is deterministic. For a scenario
of truck weight limit change considered, this model should
represent the practical maximum truck loads, with the GVW,
axle configuration, and axle weights specified. This model
may include one truck or a set of trucks, depending on the

scenario under consideration. Checking bridge spans against
these new trucks means that load ratings will be changed in
proportion to the moment effects of the new trucks.

The second aspect of a new load requirement is the live
load factor, as opposed to the truck model. Conceptually, the
live load factor isto cover uncertainty involved in real truck
loads. Such uncertainty could be associated with the likeli-
hood of having side-by-side trucks representing the worst load
condition, inaccuracy in the analysis using nominal values,
possible violation to the weight regulation, possible future
increase of loads, and so on.

Within NCHRP Project 12-46, Moses developed the fol-
lowing formulafor determining theliveload factor (AGLicht-
enstein & Associates 1999)

2W* +1.41 t(ADTT) o*

v =18 240

(2.3.3.1)

where W* is the average truck weight for the top 20 percent
of the truck weight histogram (TWH). c* is the standard
deviation of thetop 20 percent of the TWH. t(ADTT) isafac-
tor depending on the annual average daily truck (ADTT or
truck AADT) at the site to quantify the likelihood of having
heavy trucks side by side on the bridge. Typicaly tisin the
range of 2.0 to 4.5 (as shown in Appendix A).

This live load factor was calibrated to give appropriate
bridgereliability using the current AASHTO operating ratings
asacriterion. A site with asevere loading spectra such as that
used by Nowak (1992), namely a W* value of 68 kips and a
o* of 18 kipswitha5000 ADTT, would lead to aliveload fac-
tor for rating of about 1.8. More severe load spectra (TWH)
would raise this live load factor. The corresponding decrease
intherating factorswould be proportional totheincreaseiny,.

In estimating the cost impact of truck weight limit change,
it should be emphasized that changesto both or one of thetwo
aspects of load requirement (the truck model and theliveload
factor) may be unnecessary, depending on the scenario. For
example, if a new type of heavy vehicle is permitted but is
expected to have only asmall number of trips, itsinfluence on
selecting the live load factor would be smaller. It is because
W+ and o* in Eq. 2.3.3.1 would remain almost unchanged.
Thisresult would aso be consistent with the current concept
that bridge evaluation requirements should reflect a balance
between the cost and therisk of bridgefailure. Namely, asmall
number of overweight vehicles are permissible under the cur-
rent permit system. Prohibiting overstress for all bridges may
not be of the best interest to the public the agencies serve,
because it would be excessively costly.

2.3.4 Deficiency Due to Overstress for New
Bridges

The mechanism of this cost-impact category is very simi-
lar to deficiency due to overstress in existing bridges. The

Copyright National Academy of Sciences. All rights reserved.
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bridge design load conceptually is supposed to cover current
and future truck loads for the expected life span of the bridges
to be designed. When a truck weight limit change triggers
truck weight spectra to change, the bridges to be designed
according to the current design load may become inadequate
because the current bridge design load may not cover the new
loads resulting from the truck weight limit change. This cost-
impact category isto cover those costs associated with pos-
sible additional costsfor new bridgesto meet the new design
requirement as a result of the considered truck weight limit
change.

2.3.4.1 Bridge Design Load

Bridge design loads have evolved over thelast 50 years to
reflect the heavier truck populations. Many older bridges
were designed for the H-15 load, which was superseded | ater
by the HS-20 load. In the past decade, a number of state
agencies increased their design load from HS-20 to HS-25
for avariety of reasons, including heavier loads on the roads.
The design load was effectively raised from HS-20 with the
introduction of the LRFD HL93 load model in the AASHTO
LRFD Bridge Design Specifications (1998). In comparing load
models, it is necessary to consider the truck model (including
lane load) as well asthe live load factors, which further raise
the effective load effects on the bridge span.

The safety factors (or live load factors) must account for
uncertainties of routine loads and overloads, such asanalysis
approximation, future growth, etc. In older specifications,
safety factorswere applied to the cal culated stress. For exam-
ple, 0.55 is applied to the yield strength in stress in current
AASHTO design specifications (1996) for the service load
design method adopted decades ago. This 0.55 factor for
strength isequivalent to aload factor of 1.82 (= 1/0.55) inthe
traditional allowable stress design which probably has con-
trolled the vast majority of the existing bridges in the United
States. Some state agencies in recent years switched their
design procedures to the AASHTO load factor design, which
reflects greater safety margins for vehicle loads compared
to dead loads. The live load safety factor became 2.17 while
the dead load factor was decreased to 1.3. Thus compared
to the service load method of design, the load factor method
decreases the capacity and cost for long spans and increases
the total load effects for shorter spans.

Thenew AASHTO LRFD specification (1998) usesaload
factor of 1.75 for live load and approximately 1.25 for dead
load. However, the live load factor is now applied to the new
HL93 model, which generally raises load effects, compared
to the AASHTO load factor of 2.17 multiplied by the HS-20
load model effects. Part of the intent in changing both the
load model and thelive load factor isto provide cushions for
futuretruck load changes that may occur during the expected
life of the bridge, which has been accepted as 75 yearsin the
new AASHTO code (1998). None of these cushions however
has been explicitly presented.
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Note that rating or evaluation of existing bridgestypically
uses different load requirement and safety factors than those
for design of new bridges. It has been discussed in Section
2.3.3 above. Thisis because rating is to assess safety for a
much smaller time window, typically two years between
mandatory inspections. Also, the safety margins are reduced
in evaluations because of the more significant cost impacts.
Namely, itisrelatively inexpensiveto build in awider safety
margin at the time of design. The additional cost for the
higher load carrying capacity isrelatively low. In contrast, if
an existing bridge is deficient, it is expensive to rehabilitate
or replaceit to create a higher capacity. Many existing spans
are deficient today because of either deterioration or because
they were originally designed for lower standards than are
presently required.

The differencesin safety margins between design and rat-
ing are also reflected by the difference between the inven-
tory and operating ratings discussed in Section 2.3.3. Many
agencies make posting and permit decisions based on the
less conservative operating ratings. For example, the operating
allowable stress limit is increased to 75 percent of the yield
strength compared to the 55 percent level used in the service
load design. Similarly, for ratings based on the load factor
procedure, 2.17 is used as the live load factor design, and it
isreduced to 1.3 for the operating ratings of existing bridges.

2.3.4.2 Truck Load Requirements for New
Bridges

It is recognized that the AASHTO design load does not
change very frequently at the national level. It is not because
there have been no needs to change rather because of the
lengthy process of devel oping and implementing the change.
Taking the advantage of more WIM data accumul ated over
the past decade, developing a new load requirement has
become relatively simpler and more quantitative. It is also
observed that changing the design load at the state level has
been realistic, effective, and rational. This observation justi-
fiesthe practical basisfor including this cost impact category
for additional costs to prevent overstressin new bridges due
to truck weight limit changes.

A similar consideration as that for rating bridges can be
made for adjusting the load requirement for designing new
bridges, following a changein truck weight limits. Theaim s
to maintain the target bridge reliability for new bridges
(AASHTO 1998, AGLichtenstein & Associates1999). It again
will require two parts: atruck model and anew set of liveload
actors. The first part will involve selecting an appropriate
model to cover expected new truck loads. Thismodel could be
based on the practical maximum vehicle loads under the new
truck weight limits.

In addition, an adjustment in the live load factor can be
introduced to respond to projected changesin the truck load
spectrum as aresult of the truck weight limit change consid-
ered. The formulafor this live load factor would be similar
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totherating liveload factor in Eq. 2.3.3.1 except that the fac-
tor “t(AADT)” must be adjusted for an expected life of 75
yearsand ahigher reliability index needsto be met for design,
as opposed to the operating rating level. The formulafor the
required live load factor becomes:

2W* +6.9 o*

yo =175

(2.3.4.1)

whereW* and o* have been defined above and are determined
from the predicted TWH. Adjusting the live load factor as
shown in thisformulais avery simple way to account for the
possible changes in the truck weight spectra with respect to
load requirement for future bridges.

2.4 PREDICTING TRUCK WEIGHT SPECTRA
CHANGES

This section reviews several algorithms from the literature
for estimating the effects of changes in truck weight regula-
tionson truck weight distributions. Based on thisknowledge,
arecommended method is presented in Section 3.2 as part of
the recommended methodology. The recommended predic-
tion method is intended to improve upon those algorithms
reviewed in this section, with consideration to the current
scenarios of truck weight limit change.

Truck weight regulations include restrictions on maxi-
mum gross vehicle weights, single-axle weights, tandem-axle
weights, and weights carried on groups of two or more ax|es.
For example, the Federal Bridge Formula (often referred to
as Formula B) limits the amount of weight that can be car-
ried on a group of two or more consecutive axles. It is based
on (1) the length of the axle group and (2) the number of
axlesin the group. There are also some practical limitations
on vehicle loading, governed by safety and operational con-
siderations. Most common of these are practical limitations
on theamount of weight that can be carried on steering axles.
We speak of atruck’ s practical maximum grossvehicleweight
(PMGVW) as the maximum weight it can carry, taking into
account not only truck weight regul ations but al so other prac-
tical limitations.

For low-density commodities, the amount of payload that
can becarried onatruck isusually limited by its cubic capac-
ity, not by truck weight restrictions. The maximum cubic
capacity of atruck is controlled by limits on truck width,
height, trailer length, and number of trailers. For high-density
commodities with divisible loads (e.g., sand, coal, and sugar
beets), shipperswill try to load their trucks as close as possi-
ble to the PMGVW. Increases or decreases in PMGVW for
these vehiclesdueto changesin truck weight regulationswill
directly affect truck weight distributions for these vehicles.
However, observing and estimating how weight limit changes
affect truck weight distributions is complicated because
changesin weight limits affect not only weight distributions
but also the following factors. (1) Total mileage by loaded

trucks required to transport a given amount of freight from
onelocation to another. (2) Mileage by empty trucksreturning
to their home base or repositioning to pick up their next load.
(Single-unit trucks such as dump trucks and concrete mixers
typically operate up to half of their mileage empty. For com-
binations, the percentage of empty mileage is less, typically
10-30 percent.) (3) The types of truck configurations used to
carry freight. (4) Competition for freight between trucks and
other modes (most importantly rail). (5) The total amount of
freight shipped. These factors have not been adequately cov-
ered in the earlier effortsreviewed below. They are addressed
in the recommended method discussed in Chapter 3.

2.4.1 NCHRP Report 141

The first federa limits on vehicle weights were enacted as
part of the Federal-Aid Highway Legidation of 1956, which
restricted single axlesto 80 kN (18 kips), tandem axlesto 142
kN (32 kips); and gross vehicleweightsto 326 kN (73.28 kips)
on Interstate highways. That act also called uponthe U.S. Sec-
retary of Commerce to report to Congress regarding “maxi-
mum desirable dimensions and weights of vehicles operated
on the federal-aid systems.” In responseto thislegidation, the
Bureau of Public Roads (later the FHWA) sponsored exten-
sive research on the consequences of alternative size and
weight limits. Thisresearch culminated in NCHRP Report 141
(Whiteside et al. 1973).

The NCHRP Report 141 algorithm for predicting the effects
of changes in weight limits on weight distributions is based
on the following assumptions:

1. Given anincreasein legal weights, the empty weight
of the trucks will increase to provide for the strength
and durability of the vehicle in use under the heavier
payloads.

2. Truckswill carry increased payloads per trip and there-
fore operate with increased axle and gross weights.

3. Vehicle weight distributions will change from the cur-
rent legal limits to future limits as a function of the
changein PMGVW of each vehicle class.

In implementing these assumptions, each weight under
the current limitsis adjusted by applying amultiplier to pro-
ducetheweight at the new limits. Themultiplier is 1.0 at the
lowest observed gross weight and increases linearly until it
reaches the practical maximum weight at the current limit,
beyond which the factor remains constant and equalstheratio
of PMGVW at the new limit to PMGVW at the current limit.

In applying the NCHRP 141 algorithm to predict the
effects of increases in PMGVW, it was assumed that the
number of vehicles would remain constant but that their
payloads would vary. This assumption is questionable since
it implicitly assumesthat if PMGVW isincreased, the amount
of payload ton-miles carried by trucks would al so increase so
that thereisno net changein truck VMT. While someincrease

Copyright National Academy of Sciences. All rights reserved.
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in payload ton-miles carried by trucks would be expected
(since the cost of transportation is decreased by anincreasein
PMGVW), the implicit assumption likely overstates the size
of thisincrease.

2.4.2 Yu and Walton (1982)

In a study for the Texas State Department of Highways
and Public Transportation (TSDHPT), Yu and Walton (1982)
developed some important improvements to the NCHRP
141 algorithm. They concluded that the NCHRP 141 algo-
rithm overstated the effects of changesin truck weight lim-
its on lightly loaded vehicles. Instead, they suggested that
the multipliers should remain at 1.0 up to the 50th percentile
of GVW for heavy single-unit trucks. For combinations, they
suggested that the multipliers should remain at 1.0 up to the
33rd percentile of GVW. Also, the algorithm proposed by Yu
and Walton for TSDHPT held truck payload constant, in
contrast to the NCHRP 141 algorithm, which held the num-
ber of vehicles constant.

2.4.3 Walton, Yu, and Ng (1983)

Walton, Yu, and Ng (1983) presented an algorithm for
shifting GVW cumulative distributions based on the assump-
tionsthat the ratio of average GVW to PMGVW will remain
constant for each type of truck and that the variance of the
GV W distribution will remain constant. Their algorithm con-
sisted of the following three parts.

1. Determining the expected mean and variance of the
GVW distribution for atruck type under the proposed
legal limit, which involves the analysis of historical
data and the application of the average GVW.

2. Constructing acumulative distribution curve from a set
of representative truck weight data provided.

3. Shifting the cumulative distribution curve, whereby
themean and variance of the shifted curvearewithin the
acceptable tolerance of the parameters obtained in the
first part of the agorithm.

The authors provided limited support for their assumption
that the ratio of average GVW to PMGVW and the variance
of the GVW distribution will remain constant. This assump-
tionwould beplausibleif nearly al truck loadswere controlled
by the PMGVW. However, alarge share of 3-S2sand 2-S1-2s
are carrying partial loads or are carrying loads limited by the
cubic capacity of their trailers. It isnot likely that the average
GVW of these vehicleswill vary in proportion to PMGVW.

2.4.4 Fekpe and Clayton (1995)

Fekpe and Clayton (1995) and Fekpe et a. (1994) devel-
oped an a gorithm for predicting heavy-vehicle weight distri-
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butions and pavement loadings in terms of governing weight
limitsand theintensity of enforcement. They group truck con-
figurationsinto two broad families as follows.

“Thefirst family comprisesconfigurationsthat are used for ‘all-
commodity’ freight in which no one commaodity or small num-
ber of commoditiesdominate; i.e., thereisafair mix of weight-
out (dense) and cube-out (bulky) commodities. Trucksin this
family are used to transport the full range of commoditiesin
both truckload and less-than-truckload quantities. Their cumu-
lative GVW distributionsfollow an extended S-shape with the
probability-density distribution approaching the normal dis-
tribution. This family is typified by the tractor-semitrailer,
straight trucks, and five- and six-axle A-train combinations.”

“The second family comprisestruck configurationsthat are
typically operated at GVWs very close to the limit. The
probability-density distributions of such configurations have
a strong positive skew. This family is dominated by multi-
trailer configurations, e.g., the eight-axle B-train. Truck con-
figurationsin thisfamily are generally used for hauling dense
products (i.e., heavy weight-out commaodities) in truckload
quantities.”

For the “all-commodity” family, Fekpe and Clayton esti-
mated the following model for the cumulative GVW distri-
bution of laden trucks:
forx>35

P(x) = (23 — 1.43x + 0.022x?)/ (100 + V) (24.4.2)

where:

X = operating weight expressed as a percentage of the
GVW limit
v = the percentage of vehiclesexceeding the GVW limit
P(x) = the probability of trucksoperating at GVW lessthan
or equal to x

At x = 35, assumed by Fekpe and Clayton to be average tare
weight, P(x) isequal to 0.

For the “weight-out” family, Fekpe and Clayton estimated
the following model for the cumulative GVW distribution of
laden trucks:

P(x) = (0.0025x — 0.07)/(100 + v) for35<x<80 (24.4.2)

P(x) = (1.0024(x/100)**) /(100 +v)  for x >80 (24.4.3)
wherex, v and P(x) are as defined above. These relationships
were developed using truck weight datafor laden trucksfrom
special truck weight studies conducted in Manitoba (in 1989,
1991, and 1992); Saskatchewan (in 1990 and 1992); and

Ontario (in 1991).

Fekpe and Clayton’s algorithm is similar to the NCHRP
141 algorithm insofar as changesin truck weight limits sig-
nificantly affect the weights of all laden trucks, not just the
weights of trucks operating closeto the current weight limit.
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Changes in the violation rate (such as might be caused by
stricter enforcement of truck weight laws) also affect the
weights of all laden trucks, including those that are operat-
ing at weights substantially below current limits.

2.45 Summary Assessment

The algorithms discussed above provide useful insightsinto
the effects of changes in weight regulations on truck weight
distributions. However, they have some short-comings that
limit their usefulnessin analyzing current proposalsfor chang-
ing truck weight regulations:

 They predict significant weight-shifting for vehiclesthat
are currently carrying weights substantially under cur-
rent limits. No justification is given for why such shifts
would be expected to occur.

» Above a certain threshold (which varies among the
algorithms), all traffic is subject to weight-shifting. No
attempt is made to distinguish trucks whose loadings
are controlled by theweight limits under consideration
from other truck traffic (e.g., trucks with partial loads,
trucks with loadings controlled by cubic capacity rather
than weight, trucks operating with indivisible loads
under special permits).

* They do not address what happens to travel by empty
trucks when truck weight regulations are changed. How-
ever, it would not bedifficult to improve each of thealgo-
rithms to include consideration of empty trucks.

» They focus exclusively on weight-shifting and do not
consider the possibility of shifts of freight to different
truck types, shifts to or from rail, and increases or
decreases in the total amount of freight shipped.

In most cases, the procedures described above were devel-
oped to analyze the effects of across-the-board changesin axle
weight limitsand GVW limitsthat would not grestly favor one
type of truck configuration over another. For example, a pri-
mary focus of the first three algorithms above was a proposed
increase at thetimein single-axlelimits (from 80 kN or 18 kips
to 89 kN or 20 kips); tandem axle limits (from 142 kN or 32
kips to 151 kN or 34 kips); and gross vehicle weight (from
approximately 320 kN or 72 kipsto 356 kN to 80 kips). This
weight limit proposal would not have been expected to cause
shippersto alter the types of trucks they used.

However, many of the truck weight limit proposals under
consideration today would cause shifts among vehicle config-
urations. A prime example is the proposed elimination of the

356-kN (80-kips) cap on GVW (without changing axle weight
limitsor the bridge formula). The PMGVW for most five-axle
tractor-semitrailersis 356 kN (80 kips) or less, with or without
the 356 kN (80 kips) limit on GVW. Thisis because the two
sets of tandem axles are limited to 151 kN (34 kips) each (by
the Federal tandem axle limits), and it isgenerally unlikely to
place more than 53 kN (12 kips) on the steering axle of a 3S2.
However, other types of configurations could operate with
PMGVW over 356 kN (80 kips) if that limit were eliminated.
Six-axle tractor-semitrailers could operate over 378 kN (85
kips), and some doubletrailer combinations could operate over
445 kN (100 kips) without violating the axle weight limits or
the Federal Bridge Formula. Hence, itislikely that elimination
of the 356-kN (80-kips) limit on GVW would result in large
shifts of freight from five-axle tractor-semitrailers to combi-
nations with six or more axles.

A recommend method is presented in Section A-5.1.1 of
Appendix A for predicting TWH resulting from truck weight
limit change. Its concept is discussed in Chapter 3 below. It
offers improvements in those areas commented on above. In
principle, weight limited truck traffic is subject to shifting
as aresult of weight limit changes. This shift could occur with
or without changing truck configurations. Further, mode shift-
ing (e.g., from and torail) can also beincluded. Two examples
are included in Chapter 3 for testing and illustration. The
first example deals with a GVW-limit increase from 326 kN
(73.28kips) to 356 kN (80 kips) in Arkansas. Measured data
and predicted results show a good agreement. The other
example compares the result of WIM data from Idaho with
prediction results, for a change of permit truck weight limit
increase. Both examples show good agreement between the
predicted and measured TWH for the purpose of this project.

2.5 SUMMARY

This chapter has presented a comprehensive review of the
latest developments in areas relevant to the objective
methodology for predicting bridge network costs as a result
of truck weight limit change. In this review, the implications
and background of these developments have been discussed
with regard to what improvements could be further devel-
oped and subsequently integrated into the recommended
methodol ogy, as presented in Appendix A. It hasbeenanaim
that development of the recommended methodology should
represent the state of the art and should maximize the use of
available data. Chapter 3 presentsthe concept of the method-
ology, including supporting data.
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CONCEPT OF RECOMMENDED METHODOLOGY FOR ESTIMATING
BRIDGE NETWORK COSTS DUE TO TRUCK WEIGHT LIMIT CHANGES

This chapter presents the concept of the recommended
methodol ogy, whose procedureisgivenin Appendix A. Before
applying this methodology to a specific scenario of truck
weight limit change, aplanning period, PP, in years needs to
be determined by the user. This period defines the time span
during which the cost impact will be considered effective.
Thisperiod isrecommended to be consistent with theagency’s
planning period, so that parametersfor projecting to thefuture
would be readily available. These parameters may include
discount rate, traffic growth rate, and expected funding lev-
els. A 20-year period may be used asthe default valuefor PP,
if more specific information is not available to help select a
more realistic period.

As mentioned above, four cost-impact categories are cov-
ered in the methodol ogy:

1. Fatigue of existing stedl bridges,

2. Fatigue of existing RC decks,

3. Deficiency due to overstress for existing bridges, and
4. Deficiency dueto overstress for new bridges.

It should be noted that there are other categories that con-
tribute to the cost impact as a result of truck weight limit
changes. One example may be fatigue failure of steel expan-
sion joints. However, significant work would be needed to
devel op quantitative methods for estimating the coststhat can
cover avariety of situations over the nation. This amount of
work has been deemed to be beyond the scope of this project.
Further, these costsare believed to berel atively less significant
than those covered here. Neverthel ess, agenciesthat have spe-
cific data and models for cost impact categories other than
those covered here should be encouraged to include them in
application of the recommended methodology.

Accordingly, the four prioritized cost-impact categories are
addressed respectively in the following sections. The con-
cept presented is intended to be consistent with the typical
practice of state transportation agencies, largely guided by the
AASHTO specifications. For those areas where no clearly
defined guidelines exist or current guidelines can beimproved
based on the latest research results, recommendations are
made based on the latest knowledge in the relevant areas.
An example of such asituation isthe calculation of thelife-

averaged daily truck traffic, T, needed for fatigue assess-
ment for steel bridge components. It is discussed in detail in
Section 3.3.

Before these four cost-impact categories are discussed
below, two general concepts need to be presented and dis-
cussed first. They are (1) the recommended data require-
mentsfor the methodol ogy and (2) the recommended method
for predicting truck-load spectra due to truck-weight-limit
changes. These two concepts are relevant to all four cost-
impact categories. The data requirements are very important
to the implementation of the recommended methodology.
They should be set to accommodate a variety of situations
over the country with respect to data availability. The pre-
diction method for truck weight spectrais part of the proce-
dure for each cost impact category. Thisis because the load
spectrum is the cause of cost impact.

When applying the recommended methodology in Appen-
dix A, an upper and a lower level of data requirements are
recognized, referred to as Level 11 and Level | respectively.
Theselevelsrefer toindividual cost-impact categories. Level
| represents the minimum requirement, which is expected to
bereachable by al state highway agencies. Level |1 isahigh-
est requirement, which may be met by only afew agencies
at this time but not simultaneously for all cost impact cate-
gories. With foreseeable advancement in data availability
(e.g., through Virtis becoming loaded and operational), more
agencies will be able to meet this level of requirement in the
future. Note that these two levels also have implications to
theamount of analysiseffort and thelevel of accuracy for the
result. In general, the higher level is expected to produce a
more accurate result.

3.1 DATA REQUIREMENTS FOR APPLYING
THE RECOMMENDED METHODOLOGY

It was recognized, prior to starting the development of the
recommended methodology, that the availability of required
data could be a critical issue for successful implementation
of the research product. This availability varies significantly
among state agencies and even further among local agencies
that may be interested in using the recommended method-
ology aswell. It is also acknowledged that this may have a
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significant implication on the reliability of the application
result, because more detailed datagenerally would permit bet-
ter fidelity to the analysis and therefore more accurate results.

Based on the survey results discussed in Section 2.2 related
tothe variability of available data, two levels of datarequire-
ment are designed for the recommended methodology. This
isto assure that the methodology at least can be used by all
state highway agenciesin the country. The lower datarequire-
ment level isreferredtoasLevel |, whereaset of default data
has been prepared for application, in case relevant informa-
tionisnot readily available. The higher level isreferred to as
Level I1, which represents a situation where data are avail-
ablefor al specific sites (bridges). I n the software devel oped
for the recommended methodol ogy, selecting which level to
perform analysis at is allowed for each cost impact category
and for any bridge. Completely satisfying the Level 1l data
requirement for al cost impact categoriesand for every bridge
inthe network isnot realistic for an agency. On the other hand,
the agency may be able to satisfy the Level |1 requirement for
anindividual cost impact category. Further, the Level | analy-
sis requires the minimum data that all state agencies are
expected to be able to provide.

The software module for the recommended methodol ogy
isalso flexible enough to permit an agency to perform analy-
sisat alevel between Levels| and I1. For example, for cer-
tain bridge sites, the agency may have site-specific data (such
asWIM dataand bridge structure details) but, for other sites,
such data are not readily available. In reality, alarge number
of state agencies may perform analyses at such a “hybrid”
level. This flexibility accommodates virtually all situations
in terms of data availability.

3.2 PREDICTING CHANGES IN TWHS
AND WHEEL WEIGHT HISTOGRAMS

This section presents the concept of the recommended
method for predicting truck load spectra as aresult of truck-
weight-limit changes. This includes two load types: TWHSs
and wheel weight histograms (WWHS). The former isrele-
vant to Cost-Impact Categories 1, 3, and 4 for estimating costs
related to steel fatigue of existing bridges, deficiency of exist-
ing bridges, and deficiency of new bridges. The latter repre-
sents the load causing RC bridge deck fatigue. The recom-
mended prediction method for the latter case is based on the
result for the former. Thus, it is discussed later.

3.2.1 Related Definitions

In this section and thereafter, several terms are used with
specific definitions. They are given here to facilitate further
presentation. They are also used in the appendixes when pre-
senting the recommended methodology and other relevant
information.

Base Caserefersto conditions without the proposed changes
in truck weight limits.

Alter native Scenario refersto conditions with the proposed
changesin truck weight limits.

Practical maximum grossvehicleweight (PMGVW) isthe
assumed maximum weight at which a given vehicle can oper-
ate under a given set of truck weight limits. PMGVW cap-
tures the net effect on gross weight of the various types of
weight and dimension limits (e.g., gross weight limit, axle
weight limits, bridge formula, length limits, etc.), aswell as
practical considerations such as maximum weights on steer-
ing axles.

Tare weight is the weight of atruck when it is carrying no
freight.

Payload isthe weight of the freight carried on a truck.

Operating weight is the total gross weight of atruck (tare
plus payload), which is interchangeable with GVW.

Payload ton-milesisameasure of the amount of freight car-
ried by trucks. It is calculated as the product of payload (in
tons) and VMT. For example, 1,000 VMT by atruck with a
tare weight of 20,000 pounds and an operating weight of
50,000 pounds represents 15,000 payload ton-miles (1,000
VMT and a payload of 15 tons). Using the S| system, this
quantity is measured by kN-kilometers.

Empty/loaded ratio (rg.) specifies the amount of empty
VMT associated with repositioning trucks after they have
delivered their payl oads. For examplefor construction trucks
hauling dirt from one site to another and then returning to the
first site empty, the empty/loaded ratio is typically 1.0. The
empty/loaded ratio for trucks carrying intercity freightismuch
less since such trucks often carry freight in both directions.

Weight-limited trafficis VMT by trucks whose loading is
assumed to be directly affected by the weight limit scenario
under consideration. Much of weight-limited traffic oper-
ates at weights closeto the PMGVW. However, they may not
be exactly at the PMGVW because of imprecision in truck
loading and weighing practices. Also, some vehicles may
start out from their home base fully loaded and distribute a
portion of their payload at each of several locations. Further,
some vehicles, such as garbage trucks, may start out empty
and increase their payloads over the course of their trip and
return to their home base at the PM GV W. In defining weight-
limited traffic, the researchers exclude vehicles operating
under special permits that exempt them from the PMGVW.
For example, all states grant exceptions to weight-limits for
non-divisibleloads. The weights of these vehicleswill not be
affected by changesinthe PMGVW. They aso excludetrucks
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whose PMGVWs are determined by limits in other states.
When atruck travelsthrough several stateswith different truck
weight limits, its PMGVW isthe most restrictive PMGVW in
all of the statesin which it operates.

L oad shiftsoccur when operatorsload trucks heavier or lighter
in response to changes in the PMGVW of these truck types.

Truck type shifts occur when operators shift freight from
one type of truck to another because of achange in their rel-
ative PMGVWs.

Exogenous shiftsoccur when payloads change. Exampl es of
such shifts are (1) payload shifts from trucks to rail or vice
versa and (2) economic growth.

3.2.2 Recommended Method
for Predicting TWHs

A new method is presented in this section to offer improve-
ments over the proposed methods commented in Section 2.4,
to better deal with current proposed changes in truck weight
limits. Note that this new method is able to deal with both
cases of increase and decrease in truck weight limitsfor plan-
ning purposes, although virtually all observed weight-limit
changes have been increases.

It needs to be emphasized that, for low-density commaodi-
ties, the permissible payload is usualy limited by its cubic
capacity, controlled by truck size limits (including those on
width, height, trailer length, and number of trailers). For high-
density commaodities with divisible loads (e.g., sand, coal,
beets, and hay), shipperswill try to load their trucks asclose as
possibleto the PMGVW. Increases or decreasesin PMGVWSs
for these vehicles (due to changesin truck weight regulations)
will directly affect TWHsfor these vehicles. However, observ-
ing and estimating how weight-limit changes affect TWHSsis
complicated because these changes also influence the follow-
ing factors. (1) Total travel distances of loaded trucks (VMT)
required to transport a given amount of payload from one
location to another. (2) Travel distances by empty trucks
returning to their home base or repositioning to pick up their
next load. (Single-unit trucks such as dump trucks and con-
crete mixers typically operate up to half of their mileage
empty. For combinations, the percentage of empty mileageis
less, typically 10 to 30 percent (TRB 1990b). (3) The type(s)
of truck configuration used to carry freight. (4) Competition
for freight between trucks and other modes (most impor-
tantly rail). (5) Thetotal amount of freight shipped. Thesefac-
tors have not been adequately covered in the earlier efforts
reviewed above.

Changesin TWHSs due to truck-weight-limit changes may
be classified into the following three types of freight shifting:
(1) Load shifts without changing truck types (truck configu-
rations), referred to astruckload shift hereafter. (2) Load shifts
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with changing of truck configuration, referred to astruck type
shift below. (3) Exogenous shifts, such as economy growth
and mode shift (e.g., from and to rail) due to competition.
The new method presented next specifically dealswith these
shifts. Testing for the proposed method is also presented using
measured truck weight data spanning weight limit change in
the states of Arkansas and Idaho.

This recommended method of predicting changesin TWHs
assumes that a TWH for the Base Case is available for each
type of vehicle (aslisted in Data Set A-5.2.1 of Appendix A)
except for automobiles and 4-tire light trucks. Theses two
types of vehicles are not relevant to bridge structures in
strength and fatigue-related issues. These assumed TWHsfor
the Base Case may be obtained using WIM data, possibly
available with highway agencies. The FHWA VMT datafor
Y ear 2000 may be used as the default data set. A sample of
it for afunctional class of roads in the State of Minnesotais
shown as Data Set A-5.2.1 in Appendix A. Note that this
sample needs to be normalized to be a TWH. In other words,
each term in that table needs to be divided by the sum of all
these terms. Then the sum of the resulting terms will be 1,
which qualifiesthe datato bea TWH. Thisdefault dataset is
available for 12 functional classesin each of the 50 states.

3.2.2.1 Truck Load Shift

In truckload shifting as a result of truck-weight-limit
change, trucks of a given type can be loaded heavier (or
lighter). Thisisbecause the Alternative Scenario’sPMGVW
is higher (or lower) than the Base Case PMGVW. Thistype
of change in TWHSs is expected to occur when the Alterna-
tive Scenario does not require trucks to change their config-
uration for carrying the new allowableloads. A typical exam-
ple of truckload shift in the United States is the increase of
legal GVW limit from 320 or 326 to 356 kN (72 or 73.28 to
80 kips) in the 1970s and 80s. Virtually only 5-axle (3-S2)
trucks reacted to thisweight-limit change and increased their
payloads.

Accordingly, load-shifting will be limited within the type
of vehicle. In other words, only the TWH for that type of
vehicle will be subject to change (shifting). This shifting
should be performed only for weight-limit-dependent truck
traffic. This amount of traffic is identified using a window
shown in Fig. 3.1 over the Bases Case TWH (for the im-
pacted type of trucks) assumed to be available. Namely, the
traffic that is within this window may be subject to shifting.
The window is defined by five parameters. a,, &, b, b,, and
¢, which are discussed below. These parameters are referred
to aswindow parameters.

Parametersb, and b, define aneighborhood of weight-limit-
sengitive traffic, with reference to the Base Case' s PMGVW.
When GV Wg/PMGVWsgc iscloseto 1 between 1 — a, and
1+ &, thelevel of weight-limit-dependence is described by c.
It indicates the percentage of thetraffic that is to be changed
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Figure3.1. Window for truck traffic shifting.

under the Alternative Scenario. Beyond this small range to
the left, the level of weight-limit-dependence is assumed to
vary linearly fromcat 1 - a, to zero at 1 — b, being the lower
boundary of the neighborhood. Totheright from1+a asim-
ilar behavior is assumed of weight-limit-dependence up to
1 +b,. Fig. 3.1 can aso be expressed analytically asfollows

0 GVW,gc
(PMGVWjgc
(b, —a&)
GVW, gc
PMGV Wec

_1+blg

CTTovwkac

for: 1-b, < <l-a

CTTovwkac

GVW, gc
PMGV Wec

§+ b, - GVWyc O
PMGVWg:O

(b, —a,)
GVW, gc
PMGV Wi,

for: 1-a, < <l+a,

(3.2.2.1)

1 —
TTGVWk, BC —

CTTGVWk, BC

for: 1+a, < <1+bh,

0 Otherwise

where TTgywi Stands for truck traffic at weight within the k"
GVW interval inthe TWH, and TT gyw« iSthe amount of traf-
fic that is to be shifted (to be replaced by another amount of
traffic) to adifferent GVW. The subscript BC refers to Base
Case. For practical application, when the Base Case TWH is
not expressed in traffic amount but in frequency, all TTsare
replaced by corresponding frequencies.

After theweight-limit-dependent traffic TTeywipc iSiden-
tified asin Eq. 3.2.2.1, thefollowing equationswill bethereto
applied in modifying the TWH, as aresponse to the consid-
ered changesin truck weight limits:

GVW,s = GVW, 5c (PMGVW,s/PMGVW, 5c)  (3.2.2.23)
TTovw, as = TTévwksc (GV W gc
CTAREs)/(GVWas ~TARE,)  (3222D)
where the subscripts BC and AS refer to the Base Case and
Alternative Scenario, respectively. TARE isthe empty weight
of truck. TTeywasisthetruck traffic at weight GV W, s under
the Alternative Scenario.

Eqg. 3.2.2.2aindicates changein operating weight. It occurs
only within the window defined in Fig. 3.1 (Eg. 3.2.2.1). Eq.
3.2.2.2b enforces the condition that the total payload travel
(in kN-km) is conserved during load-shifting since the total
amount of freight carried remains constant, that is,

TTGVW,AS(GVWAS - TAREAS)
= TT('SVWk,BC(GVWk,BC - TAREg() (3.2.2.3)
Note that when PMGVW,s is greater than PM GV Wg repre-
senting an increase in weight limit, the total amount of truck
traffic will decrease since fewer trips will be required to
transport the same amount of freight (payload). It also should
be noted that possible payload changes are covered in Sec-
tion 3.2.2.3 addressing external factors, such as economy-
growth-dependent payload increase and competition-induced
payload shift from or to rail.

In applying these equations, GVWgc is taken at the mid-
point of aweight interval fallinginthewindow definedin Eq.
3.2.2.1(Fig. 3.1). Consequently, the value of GV W, accord-
ing to Eq. 3.2.2.2a generally will not match the midpoint of
aweight interval. It isthen appropriateto distribute TTeywas
between two neighboring weight intervals to achieve the
desired value of GVW,g, which are designated as thei th and
thei + 1thintervals, respectively. Thedistribution ratios p; and
p; .. for thei thand thei + 1th weight intervals are required to
satisfy the following equations:

pi+pPi+1= 1 (3224)

PiGVWias + Pi+1GVW, 145 = GVW,s (3.2.2.5)
Thenthetruck traffic equal to p;T Teyw asiSto be moved to the
i thGVW interval and p; .1 TTeywas tothei + 1 thinterval.
For example, assume that 25 kN-increments are used for
defining weight intervals. Use PMGV W, s = 356 kN (80 kips)
and PMGVW;c = 326kN (73.28 kips) to express the legal
weight limit change for some states in the 1970s and 80s.
Typically under this GVW limit change, 3-S2 trucks could
increase their weights to the new limit of 356 kN without
changing their configurations. For GVW,gc = 312.5 kN repre-
senting aweight range from 300 to 325 kN, GVW,sisequal to
341.3 kN according to Eq. 3.2.2.2a. TTay6as COMputed using
Eq.3.2.2.2b will then be distributed between the weight inter-
vals325t0 350 kN (with midpoint GVW, s equal to 337.5kN)

Copyright National Academy of Sciences. All rights reserved.
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and 350 to 375 kN (with midpoint GVW, . ;45 equal to 362.5
kN). Thedistribution ratios p; and p; ., respectively are 85 per-
cent and 15 percent, by satisfying Egs. 3.2.2.4 and 3.2.2.5.
The following assumptions have been used for the pro-
posed method. (A) Not all truck trafficisweight limited. For
many commaodities (e.g., potato chips), the cubic capacity of
the truck is the limiting factor. (B) Heavier trucks exces-
sively above PM GV Wg and operating under special permits
may not react to weight-limit changes if other factors (e.g.,
the permit fee charge system) do not change. (C) The tota
payload traveled (in kN-km) remains the same before and
after the weight limit change, i.e.,
Payload (in kN) x Distance of Travel (inkm) = Constant ~ (3.2.2.6)
Eq. 3.2.2.6 has been expressed in Eq. 3.2.2.2b, and the distri-
bution of thistraffic over the truck-weight intervalsis altered
because of shifting. Itisalsoimportant to notethat, truck trans-
portation is influenced by many factors. Therefore, selecting
these parameters ay, &, by, b, and c for the proposed method
may require measured data and appropriate engineering judg-
ment. For example, for trucks operating in multiple states, the
PMGVW is generally controlled by limitsin the most restric-
tive state. It may be different from PMGVW for trucks oper-
ating in alimited area where truck weight limits are uniform,
which could dictate the selection of these parameters.

3.2.2.2 Truck-Type Shift

The same equations as Egs. 3.2.2.1 and 3.2.2.2 used for
truck load shifting are recommended to be used for truck-
type shifting. However, TTeywkee, TT evwkee, PMGVWpgc
and TAREg: now refer to the truck type from which traffic
isshifted, and TTeywas, PMGV W, g, and TARE,srefer to the
truck type to which traffic is shifted.

For example, assume again 25-kN (5.6-kips) increments
for weight intervals. Consider the scenario of GVW weight-
limit increase from 356 kN (80 kips) as PM GV Wgc to 431 kN
(97 kips) as PMGVW,s. The 3-S2 trucks controlled by the
current weight limit 356 kN (80 kips) would need to change
to 3-S3 configurations to add weight and also satisfy other
requirements, such as the wheel weight limits with consider-
ation to pavement fatigue. This would cause truck-type shift
as a result of the proposed truck-weight-limit change. For
GV W, gc = 362.5 kN representing aweight interval between
350 and 375 kN (on 5-axles), GVW,sisfound to be 438.9 kN
according to Eq. 3.2.2.2a and it will have to be carried by
6 axles. TT 055 COMputed using Eq. 3.2.2.2b will then be
distributed between two weight intervals: (1) 425 to
450 kN (with midpoint GVW, 55 equa to 437.5 kN) and (2)
450t0 475 kN (with midpoint GV Wi, ; as equal to 462.5 kN).
Thedistribution ratios p; and p; . 1, respectively, are 94.5 per-
cent for the former and 5.5 percent for the latter, by satisfying
Egs. 3.2.2.4 and 3.2.2.5. Note again that the both intervals
refer to 6-axle trucks now.
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3.2.2.3 Exogenous Shift

Exogenous shifts here refer to those changesto TWHs due
to external factors, instead of those between weight intervals
(truck load shifts) and between different truck types or con-
figurations (truck type shifts). Theinfluencing factorsmay be,
for example, economic growth or competitiveness with other
transportation modes (e.g., rail). Cambridge Systematicset al.
(1997) and USDOT (1999) provide detailed discussions on
transportation modal shifts for freight demand predictions.
The guidelines presented there help in understanding rel evant
issues and in estimating the amount of truck traffic change.

The first step of accounting for these effects is to identify
thetrafficinthe TWHsthat is subject to exogenous shift. This
can be approached inthe sameway asit wasin Section 3.2.2.1
using awindow, although the window needsto be specifically
defined according to the situation. For the case of overall eco-
nomic growth as a likely example, al traffic should be sub-
ject to change, unless otherwise objected. This may be read-
ily taken into account by using a growth factor to be applied
to all traffic. Equivalently, this can be doneto the total traffic
for bridge related analyses:
ADTTas=gADTTgc (3.2.2.7)
where g isthe growth factor, which could be estimated based
on data at the network level.

For the case of transportation modal change due to truck-
weight-limit changes, it would be reasonable to use the same
window in Fig. 3.1 for identifying the impacted traffic. In
addition, amultiplier r can be applied to the affected traffic
at weight GVW:

TTevwas = Fevwk T T cvwiec (GVWk,Bc (3.2.2.8)
— TAREg)/(GVW,s — TARE,S) e
As indicated, reywk Can be a function of operating weight
GVW at thek™interval. The multiplier is higher than 1.0 for
traffic increase and less than 1.0 for decrease. Note that this
case of exogenous shift may be likely accompanied by the
other two kinds of load-shift. Thus, Egs. 3.2.2.1 to 3.2.2.5
will be simultaneously applicable. Further, Eq. 3.2.2.7 can be
viewed as a special case of Eq. 3.2.2.8if weset g=r =con-
stant and understand that all traffic is subject to this change.

3.2.2.4 Adjustment of Empty Truck Traffic

Empty truck traffic here refersto the traffic of trucks with
no or little payload. Theoretically, thisamount of traffic needs
to be adjusted for each affected truck type, depending on how
much empty truck traffic will be changed as a result of the
above three types of load shift. Specifically, an empty-to-
loaded ratio rg,. can be used for identifying this amount of
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traffic subject to adjustment. These changes should be made
to the intervals surrounding the tare weight, as follows

(32.2.9)

—_— !
ATTTARE -GVW,BC — —Ten TT GVWk,BC

ATTrare-cvwas = e TTevwias (3.2.2.10)
where TT cywiec and TTevwias are, respectively, the reduced
and increased traffic amounts. GVW for these two traffic
amounts is different as indicated because of the weight-limit
changemodeled by Eq. 3.2.2.2a. Accordingly, AT Trare-cvwac
and AT Tare - cvwas are the decreased and increased empty
truck traffic amounts at the tare wei ghts corresponding to the
respective GVWSs. When these traffic amounts are identi-
fied, their distribution to neighboring weight intervals can be
doneinthe sameway asin Egs. 3.2.2.4 and 3.2.2.5. It is of
interest to note that adjustment for empty truck traffic may
become insignificant with respect to analyses for bridge
strength and fatigue, depending on the magnitude of tare
weight because this adjustment is concerned with the lower
end of the TWH and bridge strength and fatigue are morerel -
evant to the higher end of the TWH.

3.2.3 Testing Examples for
the Recommended Method

Example 1: Effect of Legal Weight-Limit Change on TWH
The legal GVW limit in Arkansas was increased from
326 kN (73.28 kips) to 356 kN (80 kips) in 1983, when anum-

ber of statesdid the sameto bein accordance with each other.
Truck weight data for 1981 and 1986 are used here respec-
tively asbefore (Base Case) and after (Alternative Scenario)
situations, to be sure that the effects of this weight-limit
change had fully developed, because it may take some time
for truckers to be prepared for a significant change to their
operation. These data were acquired at weigh stations over
the State, provided by the Arkansas Highway and Trans-
portation Department. Such data are considered reliable for
weighed axles (and thus GVW as the sum of axle weights).
Compared with WIM data available now but not available at
the time, weigh station data may miss some overloaded
trucks. Nevertheless, for the purpose of testing and illustrat-
ing application of the proposed method for predicting TWHS,
these data are judged to be adequate.

Only 5-axle (mainly 3-S2) trucks are considered in this
test because of the following reasons: (1) The available data
include a statistically significant number of 5-axle trucks
weighed, but only afew trucksof other types. (2) A vast mgjor-
ity of trucks are of thistype, traveling in the State's (and in
the entire country’ s) highway system. (3) Thistruck-group’s
behavior was expected to change because of the weight-limit
change.

Fig. 3.2 showstwo TWHs based on the measured datain
1981 and 1986. Note that the peak of heavy weights shifted
from the 300-325 kN (67—73 kips) interval in 1981 to the
325-350 kN (73-79 kips) interval in 1986. It also should be
noted that the 125-150 kN (28-34 kips) interval hasanotice-
ably higher frequency in 1981 than in 1986. It appearsthat this
was caused by the Motor Carrier Act of 1980 (TRB 1990a).
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Figure 3.2.

Comparison of TWHs for Arkansas: 1981 and 1986 measured (Example 1).
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The Act significantly altered the trucking industry by allow-
ing carriersto increase their service territories and the types
of commoditiesthey could transport. Thisderegul ation greatly
decreased the amount of empty backhaul traffic by allowing
trucks to obtain loads for the backhaul portion of their trip,
instead of returning to their operation base empty. As a
result, fewer empty tripswere shown inthe 1986 TWH inthe
125-150 kN (28-34 kips) interval.

Fig. 3.3 shows the predicted TWH as a result of the
weight-limit change, by applying the proposed method using
a = & = 10%, b, = b, = 20%, ¢ = 95%, and rg,. = 0.2 in Eqs.
3.2.2.1,3.2.2.9, and 3.2.2.10. These parameters are sel ected
based on review of previously reported datain the literature
and more recent data studied in the FHWA' s truck size and
weight study (USDOT 1998). Only truck-load-shift is con-
sidered because only 5-axle (mainly 3-S2) vehicles were
expected to react to the limit change. The 1986 measured data
are also shown in the same figure for comparison. It is seen
that the heavy-truck peak’s shift is clearly captured by the
proposed method—from the 300—325 kN (73-79 kips) inter-
val to the 325-350 kN (67-73 kips) interval. It isapparent that
the light-truck pesks at the 100-125 kN interval in the two
TWHSs are noticeably different, not due to the truck-weight-
limit change as commented on above.

0.25

31

For steel bridge fatigue evaluation, TWHSs are used as a
load spectrum. According to the AASHTO procedure (1990),
an equivaent truck weight is calculated based on equivalence
in fatigue damage (Moses et al. 1987):
Wy = (Zfi GVWF)¥2 (3.2.3.)
where GVVW, is the GVW for interval i in the histogram
(taken as the midpoint), and f; isits frequency. For this test
example, W, iscalculated using the predicted and measured

TWHSs for comparison. They agree with each other fairly
well, as shown in Table 3.1.

Example 2: Effect of Overweight-Permit Weight-Limit
Change on TWH

In July 1998, Idaho Transportation Department (1TD)
launched a pilot project of lifting its 467-kN (105-kips) limit
for annual overweight permitsto 574 kN (129 kips). The vehi-
cle configurations are till restricted according to the Bridge
Formula. Under this change, these overloads are permissible
only on two specific routes in the State. For all possibly
impacted truck types, the new permit weight limit requires
some changesto the vehicle configuration based on the Bridge

E1986 Data Measured
OPredicted Using 1981 Measured

02 |——
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Figure3.3. Comparison of TWHs for Arkansas: predicted vs. measured (Example 1).
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TABLE 3.1 Comparison of equivalent truck weights W, for Example 1
(Arkansas)
(1) @) ©) 4
BaseCase  Alternative Alternative Error
Scenario Scenario (2/(3)-1
(Predicted using (1986 measured)
proposed method)
Wey inkN (kips) 246 (55.3) 258 (58.0) 273 (61.4) -5.5%

Formula. It should be noted that typically permit weight-
limit changes might affect only a small fraction of the total
truck traffic.

WIM data were obtained before the weight limit change
in 1997 and after the change in 1998 and 1999. The 1997
dataare used asthe Base Casefor predicting the TWH under
the new permit weight limit. Based on the registered permits
and conversationswith the registered trucking companies, it
is assumed that only those trucks with more than 5 axles
may respond to this limit change. Further, the PMGVW s
for 6-, 7-, 8-, and 9-axle vehicles are set respectively at 512 kN
(115 kips), 529 kN (119 kips), 552 kN (124 kips), and 574 kN
(129 kips), according to the Bridge Formula. The recom-
mended default window parameters are used: a, = a, = 10%;
b, = b, =20%, ¢ = 95%, and rg,. = 0.2. Table 3.2 shows com-
parison of the resulting equivalent truck weight for steel bridge
fatigue evaluation according to the AASHTO specifications
(1990). The results based on the predicted and measured
TWHSs are very close to each other. Note that this example
includes truck-type shifts. Exogenous shifts have been con-
sidered to be negligible if any, because the new permit limit
isonly applicable to limited routes.

3.2.4 An lllustrative Example of Predicting TWH

An example of lifting the legal GVW limit of 80 kipsto
97 kipsis used here for illustration. Under this scenario, the
axleweight limitswill not change (i.e., single-axle weight up
to 20 kips and tandem axle weight up to 34 kips). Note that
thisis one of the realistic scenarios that have been debated
and investigated in previous studies. In those scenarios, change
to axle weight limits has not been an option.

As afirst step for this example, the types (configurations)
of truck that will be affected need to beidentified. Thisiden-
tification requires knowledge of truck weight and size regu-
lations. Based on thisknowledge, it isthen possibleto approx-
imate the trend of change in trucking behavior. For this
example, the up limit weight of 80 kipsistypically loaded on
5 axles in a 3S2 configuration. However, this configuration
isnot allowed to carry a97-kip GVW. At least one additional
axle will need to be added to the 3S2 configuration for this
new legal weight of 97 kips. Based on this, it is determined
that the truck-weight-limit change considered hereis expected
to affect the behavior of 3S2 vehicles (with an up limit of
80 kips) and an additional axle is needed to carry the new
weight limit of 97 kips. It is also seen that a structural engi-
neering background would not be adequate in making such a
determination. If the user of the methodology happens to be
a structural/bridge engineer without any knowledge of com-
mercial vehicle regulations on weight and size, assistance
will be needed from those who have such a background.

The following steps are carried out to predict TWH for the
alternative scenario. They use the VMT data under the Base
Case as shown in Table 3.3, where each GVW, g interval is
designated using its mid-interval value of GVW. Notethat the
raw VMT datain Table 3.3 needs to be normalized to obtain
the TWH for the Base Case, asshown in Table 3.4. Itslast col-
umn shows the TWH including all the truck types, with the
frequenciesfor all GVW, gc intervals summed to unity.

Sep A. Quantitatively determinethe PMGVW and TARE for
the affected truck types under both the Base Case (BC) and
the Alternative Scenario (AS).

Based on above discussion, only the 3S2T and 3S2Strucks
(both with a3S2 configuration) are considered to have atraf-

TABLE 3.2 Comparison of equivalent truck weights W, for Example 2

(Idaho)
(1) 2 ©) (3
Base Case Alternative Alternative Error
Scenario Scenario (2/(3)-1
(Predicted using (Average of
proposed method) 1998 and 1999
measured) .
Weqv IN kN (kips) 302 (67.8) 319 (71.6) 313 (70.4) +1.8%

Copyright National Academy of Sciences. All rights reserved.
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TABLE 3.3 VMT dataasinput for predicting TWH under alternative scenario

GVWK,BC SU3 SU4 CS3 CS4 3S2T 3S2S CS6 CS7 CT4  CT5  CT6
25 0 0 0 0 0 0 0 0
75 0 0 0.01 0 0 0 0 0
125 0 0 0.16 2.05 0 0 0 0
175 0.8 0.048 0.91 1.37 0.0671 0.011 0.08 0
225 3.14 0488 166 2.79 0.2014 0.102 0.13 0
275 3.57 1.922 2.62 3 0.5369 0.116 0.31 0
325 3.38 2181 2.08 3.11 2.8861 0.122 1.41 0.012
37.5 2.83 2.066 1.35 3.26 4.2284 0.107 1.23 0.056
425 2.11 0.621 1.01 3.32 4.6983 0.093 1.18 0.164
475 2.63 0.859 0.71 3.26 5.7722 0.078 0.77 0.229
52.5 2.16 1575 0.22 3.11 5.9064 0.087 0.57 0.309
57.5 158 1.981 0.13 1.63 80542 0.096 04 0.201
62.5 0.72 2.244 0.02 1.05 6.7118 0.107 0.41 0.124
67.5 0.48 2.029 0 0.32 6.1749 0.104 0.51 0.084
725 0.05 1.504 0 0.37 4.9667 0.076 0.72 0.072
775 0 0.788 0 0.11 4.4969 0.069 1.13 0.056
825 0 0.382 0 0.05 55037 0.06 157 0.036
87.5 0 0.239 0 0.11 7.6515 0.044 217 0.04
925 0 0.119 0 0 5705 0.042 27 0.116
97.5 0 0.048 0 0 2.6847 0.031 2.08 0.104

102.5 0 0 0 0 1.3424 0.007 12 0.12
107.5 0 0 0 0 0.6712 0.004 0.7 0.048
1125 0 0 0 0 0 0.007 0.44 0.068
1175 0 0 0 0 0 0 0.23 0.008
1225 0 0 0 0 0 0 0.09 0.008
127.5 0 0 0 0 0 0 0.08 0.004
1325 0 0 0 0 0 0 0 0
137.5 0 0 0 0 0 0 0 0
142.5 0 0 0 0 0 0 0 0
147.5 0 0 0 0 0 0 0 0
Total 234 191 109 289 783 14 201 19

DS5 DS6 DS7 DS8 TRP

0 0 0 0 0 0 0
0.081 0 0 0 0 0 0
0.4185 0.015 0 0 0 0 0
0.4861 0.177 0.033 0 3E-04 0 0
0.7126 0.147 0.052 0.034 0.001 0.05 0
0.8251 0.276 0.083 0.159 0.004 0.064 0
0.8191 0.365 0.151 0.347 0.01 0.057 0
05266 0.39 0.168 0.534 0.01 0.127 0
0.3315 0416 0.211 0.642 0.019 0.113 0.6395

0.1575 0.291 0.157 0.699 0.017 0.163 0.7817
0.06 0.32 0.163 0.585 0.018 0.198 0.7106
0.042 0.309 0.153 0.466 0.018 0.156 1.5633

0.0345 0.328 0.161 0489 0.014 0.163 1.2791
0.015 0365 0.07 0295 0.017 0.205 1.4212

0.298 0.079 0.222 0.019 0.149 0.7817

o
o
o
©
[eNeNeNeNelloNeNeoNoNolleo NolNeolNeoNeNolNolNoNeNeolloNelNolNolNollolNolNolNolNo)

0 0.144 0056 0.114 0.013 0.255 0.4264
0 0.158 0.027 0.148 0.008 0.205 1.0659
0 0.147 0.035 0.057 0.004 0.234 1.5633
0 0151 0.01 0017 0.002 0.15 1.137
0 0.059 0.014 0.023 9E-04 0.191 1.7055
0 0.029 0.006 0 3E-04 0.134 1.3502
0 0.004 0.006 0 6E-04 0.092 0.9948
0 0 0.004 0 0 0.071 0.4974
0 0 0.008 0 2E-04 0.085 0.4974
0 0 0.002 0 0 0.057 0.6395
0 0 0 0 0 0.035 0.7106
0 0 0 0 0 0.05 0.9238
0 0 0 0 0 0.042 0.4974
0 0 0 0 0 0.021 0.2132
0 0 0 0 0 0.028 1.0659
45 44 16 48 0.2 31 205 0

ficamount to shift away, and the CS6 trucks (with an 3S3 con-
figuration) will receive an additiona traffic amount. Namely,
as aresult of this weight-limit change, the 3S2T and 3S2S
truck traffic will reduce and the CS6 truck traffic will increase.
The normalized traffic amounts for these three truck types
are shown in Table 3.4 as shaded. The PMGVW and TARE
are determined as PM GV W; = 80 kips, TAREg: = 30 kips,
PMGVW,s = 97 kips, and TARE,s = 35 kips. Note that the
user of the recommended methodol ogy needsto providethese
values for the specific Base Case and Alternative Scenario
under consideration.

This determination of PMGVW and TARE is also based
on knowledge about trucking behavior for these truck types.
Thetareweight for BC may be obtained using measurement
data of tare weight of the trucks. For example, WIM data
may be used to extract such information. 3S2 weight data
usually show abi-modal behavior. The peak at thelower end
typically represents trucks at their tare weight. The data
around this peak may be used to estimate 3S2 truck tare
weights. The tare weight for AS may be estimated using the
tare weight for BC with an additional amount to cover the
additional axle(s). For this example, the additional axle is
estimated at 5 kips. The PMGVW valuesin thisexample are

Copyright

National

taken as the weight up limits for the respective configura-
tions (80 kips for the 3S2 configuration and 97 kips for the
3S3 configuration). This actually assumes that the weight
[imits can be realized with other constraints irrelevant. For
example, these other restraints can be those for length and/or
width. Namely, for some specia types (configurations) of
vehicles, the up limits of weight may not be realizable
because other limits are applicable. Again these determina-
tions require knowledge on the size and weight limits of
trucks. Appropriate personnel may need to be consulted on
these issues if the user happens to have no background in
these aress.

Sep B. Determine the window parameters for shifting, as
defined in Fig. 3.1.

Note that in Fig. 3.1 ¢ is the maximum percentage of the
traffic to shift from theimpacted truck types, i.e., the 3S2T and
3S2S in this example. Namely, for the traffic at a GVW,gc
equal to PMGVWeg (i.e., for GVWygc = PMGVWsc = 80
kips), 95% of the traffic is predicted to become anew amount
of traffic at anew GVW under the Alternative Scenario. & and
& indicate arange (i.e., & + &) where c will be applied. In

Academy of Sciences. All

rights
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TABLE 34 Normalized VMT data from Table 3.3 and summed to TWH,BC aslast column (impacted truck types 3S2T and 3S2S (shift from) and CS6 (shift to) are shaded)

GVWkK,BC

Total

25
7.5
125
175
22,5
275
325
37.5
42.5
47.5
52.5
57.5
62.5
67.5
725
775
82.5
87.5
92,5
97.5
102.5
107.5
112.5
117.5
122.5
127.5
132.5
137.5
142.5
147.5

SuU3

0

0

0
0.003578
0.0141
0.015994
0.015152
0.01267
0.009449
0.011811
0.009663
0.007087
0.003221
0.002147
0.000215
0

[eNeNeNeNeoNoNoNeNeNoNoNoNoNo)

SU4

0

0

0
0.000214
0.002187
0.008619
0.009777
0.009262
0.002782
0.003852
0.007062
0.008882
0.010059
0.009096
0.006741
0.003531
0.001712
0.00107
0.000535
0.000214

[eNeNeNeNoNoNoNoNo o]

CS3

0
3.62E-05
0.000724
0.004088
0.007453
0.011758
0.009334
0.006042
0.004522
0.003184
0.000977
0.000579
0.000109

[eNeNeNeNoNoNoNoNeNeoNoNoNoNoNeoNoNo}

Cs4 @M 3RS CSH

0 0

0 0
0.009208 0
0.006139 0.000363
0.012513 0.0005704
0.013458 0.0014
0.01393 0.0063257
0.014638 0.0054961
0.014874 0.0052887
0.014638 0.003448
0.01393 0.0025407
0.007319 0.0017888
0.004722 0.0018407
0.001417 0.0022814
0.001653 0.0032406
0.000472 0.0050813
0.000236 0.0070257
0.000472 0.0097219
0 0.012107

0 0.009333

0 0.0053924

0 0.0031369

0 0.0019703

0 0.001037

0 0.0003889

0 0.000363

0 0

0 0

0 0

0 0

CSs7
0
0
0
0
0

0
5.4E-05
0.000252
0.000737
0.001025
0.001385
0.000899
0.000558
0.000378
0.000324
0.000252
0.000162
0.00018
0.000522
0.000468
0.00054
0.000216
0.000306
3.6E-05
3.6E-05
1.8E-05
0

0
0
0

CT4

0
0.000363
0.001877
0.002179
0.003195
0.003699
0.003672
0.002361
0.001486
0.000706
0.000269
0.000188
0.000155
6.73E-05
4.04E-05

0

[eNeNeoNeNoNoNoNe oo No o o No}

CT5

0

0
6.61E-05
0.000793
0.000661
0.001239
0.001635
0.001751
0.001866
0.001305
0.001437
0.001387
0.00147
0.001635
0.001338
0.000644
0.00071
0.000661
0.000677
0.000264
0.000132
1.65E-05
0

0
0
0
0
0
0
0

CT6

0

0

0
0.000148
0.000234
0.000373
0.000677
0.000755
0.000946
0.000703
0.000729
0.000686
0.000721
0.000313
0.000356
0.000252
0.000122
0.000156
4.34E-05
6.08E-05
2.6E-05
2.6E-05
1.74E-05
3.47E-05
8.68E-06
0

oooo

DS

o o o

0
0.000153
0.000713
0.001554
0.002395
0.002879
0.003134
0.002624
0.002089
0.002191
0.001325
0.000994

0.00051
0.000662
0.000255
7.64E-05
0.000102

[eNeNoNeNoNoNoNeNoNol

DS6

0

0

0
1.39E-06
5.58E-06
1.81E-05
4.46E-05
4.39E-05
8.72E-05
7.67E-05
7.88E-05
7.88E-05
6.28E-05
7.46E-05
8.51E-05
5.65E-05
3.49E-05
1.74E-05
6.97E-06
4.18E-06
1.39E-06
2.79E-06

0
6.98E-07

o

OO ooo

DS

oOooo

0.000222
0.000286
0.000254
0.000571
0.000508

0.00073
0.000888
0.000698

0.00073

0.00092
0.000666
0.001142

0.00092
0.001047
0.000698
0.000857
0.000603
0.000412
0.000317
0.000381
0.000254
0.000159
0.000222

0.00019
9.52E-05
0.000127

DS8

[eNeoNeNeNeNeNe]

o

0.002867
0.003505
0.003186
0.007009
0.005735
0.006372
0.003505
0.001912
0.004779
0.007009
0.005098
0.007646
0.006053

0.00446

0.00223

0.00223
0.002867
0.003186
0.004142

0.00223
0.000956
0.004779

TRP

[eNeNeNeNeoNeNoNoNeNeNoNoNoNe oo NeoNoNeoNe e No Neo oo e e o No No)

TWH,BC

0
0.000399
0.011874
0.017853
0.042655
0.060482
0.075898
0.075673
0.069777
0.074345

0.07164
0.07523
0.062143
0.054178
0.041764
0.034323
0.041308
0.055094
0.045531
0.031125
0.018796
0.0113
0.004871
0.003719
0.003555
0.003726
0.004364
0.002421
0.001051
0.004906
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addition, b, and b, indicate another range (i.e., b, + b,) where
there is an impact. Namely, beyond this range there will not
be any impact and the traffic will remain the same.

The default values for these window parameters are used
here: ¢ = 95%, a, = a = 10%, and b, = b, = 20%. Note that
these default values have been tested using avail able data, as
discussed in this report. However, the user may select other
values if warranted. On the other hand, without rigorous
research the user will likely use these default values. Such
rigorous research will require measured truck weight data
before and after the implementation of weight limit change.
In addition, the data need to be gathered according to appro-
priate design so that comparison can be made. For example,
the sites selected need to be identical or compatible to avoid
site-dependent issues; the time periods for data collection
before and after the weight limit change also need to be com-
patible so that seasonable changes in truck weights will not
adversely affect the comparison, etc.

Sep C. Perform shifting, which includes the following
substeps.

I'n concept, this step starts from the TWH of the truck type
under the Base Case that has been identified to shift traffic
away. According to the shifting window parameters (c, ay, &,
b,, and b,), each weight interval’ straffic is examined to deter-
minewhat fraction of it will shift away to which weight inter-
val under the Alternative Scenario. Thus, this step ends with
aTWH of the truck type receiving traffic under the Alterna-
tive Scenario and aresidual TWH of the truck type shifting
traffic away. The latter becomes the TWH of the same truck
type under the Alternative Scenario. These steps are discussed
in detail now.

(i) Identify theintervals GV W, g that will have traffic to
shift away, as well as their traffic amounts. (ii) Determine
the intervals GVW, 5s and GV W, . 1 o5 that will receive new
traffic, as well as the amounts of the new traffic. Note that
these traffic amounts are different from the traffic amounts
shifting away because the new truck type (CS6) is allowed
to carry higher payload. Tables 3.5 and 3.6 show the
process of this shifting, respectively for 3S2T and 3S2S
trucks. Table 3.7 shows the resulting TWH in the last col-
umn as the predicted TWH for AS. The process is further
detailed next.

For Substep (i):
For example, for interval GV W, gc = 62.5 kips:
GV W, gc/PMGVW;g =62.5/80 =0.78125 which isout of the
areadefined by 1 —b; =0.8 and 1 + b, = 1.2. Thus no shift-
ing will occur, or the percentage of traffic to be shifted away

is zero, as shown in column TT gywkac iN Table 3.5.

For the next interval GVW, gc = 67.5 kips:

35

GV Wy gc/PMGVWpe = 67.5/80 = 0.84375 which is within
theareadefinedby 1 - b, =0.8and 1 + b, =1.2. Thusafrac-
tion of thisinterval’ s traffic will shift, as determined next.

This fraction is calculated according to Eq. 3.2.2.1 =
C(GVW, gc/PMGVWpgc — 1+ b,)/(b; — &) =0.95(.84375 -1 +
2)(.2 - .1) = .41563, as shown in column “window-f" in
Table 3.5.

Thus, according to Eq. 3.2.2.1, TTywiec = (41563)TTovuec
= (.41563)(0.0276847) = 0.01151, as shown in column
“TTevwkec Of Table 3.5.

The rest of the operating weight (GVW,gc) intervals are
treated in the same way as illustrated. The results are given
in the columns “window-f” and “ TT gywkec” iN Table 3.5.

For Substep (ii):

The following calculation is carried out only for those
GV W, gc intervals that have atraffic amount to shift away.

For interval GVW,gc = 67.5kips:

According to Eq. 3.2.2.2a, GVWjxs = GVW, gc (PMGVW,s/
PMGVW;c) = (67.5)(97)/80 = 81.844 kips (column
“GVW,s' in Fig. 3.5).

ACCOI’dIng tO Eq 3222b, TTGVW,AS = TT 'GVWk,BC (GVWk,BC -
TAREg)/(GVWis - TARE,e) =0.01151 (67.5 — 30)/(81.844 —
35) =0.00921 (column “TTgywas in Table 3.5).

Determinetheratio of distributing TTeywas = 0.00921 to two
weight intervals GVW, s = 77.5 kipsand GVW, , 145 =82.5
kips (because GV W, = 81.844 is between these two val ues).
Itisdoneviasolving Egs. 3.2.2.4 and 3.2.2.5 for p; and p; . 1.
They are, respectively, 0.13125 and 0.86875 as shown in the
column “pi and pi + 1 for GVW,s= 81.844 Eq. 3.2.2.4 and
Eq. 3.2.2.5" in Table 3.5.

Then perform the distribution: p; TTgywas = (0.13125)
(0.00921) = 0.00121 is obtained as shown in column
“TTevwas in Table 3.5 for interval GVW,s = 77.5 kips.
Pi+1 T Tevwas = (0.86875)(0.00921) = 0.00800 is obtained as
shownin column“TTguwas' inTable3.5for interval GVW,s=
82.5kips.

The rest of the impacted weight intervals are treated in the
sameway asillustrated. Note that one weight interval under
the alternative scenario GV W, »s may receivetraffic amounts
from two adjacent weight intervals of GVW,gc. This is
because each weight interval GVW, g shifts traffic to two
weight intervals: GVW, as and GVW, ;1 os. Also note that the
same calculation is done for 3S2S trucks as shown in Table
3.6 in the same format.
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TABLE 3.5 3S2T shifting calculationsand results

GVWkK,BC

2.5
7.5
12.5
175
22.5
27.5
G215
SI8S)
425
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5
97.5
102.5
107.5
112.5
117.5
122.5
127.5
1825
137.5
1425
147.5

Total

TTGVWK,BC
(column 3S2T
of Table 3.4)

0.00000
0.00000
0.00000
0.00030
0.00090
0.00241
0.01294
0.01896
0.02106
0.02588
0.02648
0.03611
0.03009
0.02768
0.02227
0.02016
0.02468
0.03430
0.02558
0.01204
0.00602
0.00301
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.35087

window-f

0.415625
0.95
0.95
0.95
0.95
0.415625

TT'GVWK,
Eq.3.2.2.1

-0.00230
-0.00423
-0.00383
-0.00469
-0.00652
-0.00213
0.01151
0.02115
0.01915
0.02344
0.03259
0.01063

0.14218

GVW AS
Eq.3.2.2.24

81.844
87.906
93.969
100.031
106.094
112.156

TTGVW,A
Eq.3.2.2.2

0.00921
0.01699
0.01543
0.01892
0.02636
0.00861

0.09553

Pi,Pi+1for
GVWAS=
81.844

Eq.3.2.2.4
Eq.3.2.2.5

0.13125
0.86875

Pi,Pi+1for
GVWAS=
87.906

Eq.3.2.2.4
Eq.3.2.2.5

0.91875
0.08125

Pi,Pi+1for
GVWAS=
93.969

Eq.3.2.2.4
Eq.3.2.2.5

0.70625
0.29375

Pi,Pi+1for
GVWAS=
100.031

Eq.3.2.2.4
Eq.3.2.2.5

0.49375
0.50625

Pi,Pi+1for
GVWAS=
106.094

Eq.3.2.2.4
Eq.3.2.2.5

0.28125
0.71875

Pi,Pi+1for
GVWAS=
112.156

Eq.3.2.2.4
Eq.3.2.2.5

0.06875
0.93125

TTGVWAS

+0.000241
+0.001600
+0.003122
+0.002455
+0.002775
+0.003399
+0.003908
+0.001604
0.00800
0.01561
0.01228
0.01388
0.01699
0.01954
0.00802

0.11463

GVWj,AS

2.5
7.5
12.5
175
22.5
27.5
8235
SIS
425
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5
97.5
102.5
107.5
112.5
117.5
122.5
127.5
132.5
137.5
142.5
147.5

9e

S150D lomiaN abpug uo 1yBIapn Yoni o 10913


http://www.nap.edu/21956

‘paniasal S1ybu |y "'S22ualIds Jo Awapeay [euonen 1ybuAdod

TABLE 3.6 3S2S shifting calculationsand results

Total

GVWkK,BC

25
7.5
12.5
175
22.5
27.5
32.5
SI78S)
425
47.5
52.5
57.5
62.5
67.5
72.5
UES)
82.5
87.5
92.5
97.5
102.5
107.5
112.5
117.5
122.5
127.5
132.5
137.5
142.5
147.5

TTGVWK,BC
(column 3S2S
of Table 3.4)

0.000E+00
0.000E+00
0.000E+00
4.983E-05
4.584E-04
5.182E-04
5.481E-04
4.784E-04
4.186E-04
3.488E-04
3.887E-04
4.285E-04
4.784E-04
4.684E-04
3.388E-04
3.089E-04
2.691E-04
1.993E-04
1.893E-04
1.395E-04
2.990E-05
1.993E-05
2.990E-05
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

0.00610901

window-f

0.415625
0.95
0.95
0.95
0.95
0.415625

TT'GVWK,BC
Eq.3.2.2.1

-3.893E-05
-6.438E-05
-5.870E-05
-5.112E-05
-3.787E-05
-1.574E-05
1.947E-04
3.219E-04
2.935E-04
2.556E-04
1.893E-04
7.870E-05

0.001601

GVW AS
Eq.3.2.2.2

81.844
87.906
93.969
100.031
106.094
112.156

TTGVW,A:
Eq.3.2.2.24

1.558E-04
2.586E-04
2.364E-04
2.064E-04
1.531E-04
6.375E-05

0.001074

Pi,Pi+1for
GVWAS=
81.844

Eq.3.2.2.4
Eq.3.2.2.5

0.13125
0.86875

Pi,Pi+1for
GVWAS=
87.906

Eq.3.2.2.4
Eq.3.2.2.5

0.91875
0.08125

Pi,Pi+1for
GVWAS=
93.969

Eq.3.2.2.4
Eq.3.2.2.5

0.70625
0.29375

Pi,Pi+1for
GVWAS=
100.031

Eq.3.2.2.4
Eq.3.2.2.5

0.49375
0.50625

Pi,Pi+1for
GVWAS=
106.094

Eq.3.2.2.4
Eq.3.2.2.5

0.28125
0.71875

Pi,Pi+1for
GVWAS=
112.156

Eq.3.2.2.4
Eq.3.2.2.5

0
0.06875
0.93125

TTGVWAS

+4.091E-06
+2.708E-05
+4.751E-05
+3.759E-05
+3.427E-05
+2.951E-05
+2.289E-05
+1.187E-05
1.354E-04
2.376E-04
1.880E-04
1.713E-04
1.475E-04
1.145E-04
5.937E-05

1.289E-03

GVWj,AS

2.5
7.5
125
17.5
225
27.5
32.5
s
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5
97.5
102.5
107.5
1125
117.5
122.5
127.5
132.5
137.5
142.5
147.5

LE
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TABLE 3.7 Predicted TWH under alter native scenario (non-normalized)

GVWj,ASSU3
25 0
75 0
125 0
175 0.79797
225 3.14492
275 3.56738
325 3.37962
37.5 2.82593
425 210747
475 2.63434
52,5 2.15537
575 1.5806
62.5 0.71846
67.5 0.47897
725 0.0479
775 0
825 0
87.5 0
92.5 0
97.5 0
102.5 0
107.5 0
1125 0
1175 0
1225 0
127.5 0
132.5 0
137.5 0
142.5 0
147.5 0
Total

Su4

0

0

0
0.04773
0.48778
1.92241
2.18065
2.06588
0.62055
0.85922
1.57523
1.98097
2.24351
2.0287
1.50363
0.78762
0.38187
0.23867
0.11934
0.04773

[eNeolNolNoNoNoNoNoNoeNo)

CS3

0
0.00807
0.16138
0.91182
1.66225
2.62248
2.08184
1.34755
1.00865
0.71009
0.21787
0.12911
0.02421

[eNeleolNoNeoNeoNeoNoNololNoNoNoNolNoNe e

C+4

0

0
2.05375
1.36916
2.79099
3.00163
3.10695
3.26493
3.31759
3.26493
3.10695
1.63247
1.0532
0.31596
0.36862
0.10532
0.05266
0.10532

[eNeoloNoNoNoNoNoNolNoNoNol

3S2T

0

0

0
0.0003
0.0009
0.00241
0.01294
0.0189%6
0.02106
0.02588
0.02648
0.03611
0.03009
0.01618
0.00111
0.00101
0.00123
0.00172
0.01495
0.01204
0.00602
0.00301

0
0
0
0
0
0
0
0

3S2S

0

0

0

5E-05
0.00046
0.00052
0.00055
0.00048
0.00042
0.00035
0.00039
0.00043
0.00048
0.00027
1.7E-05
1.5E-05
1.3E-05
1E-05
0.00011
0.00014
3E-05
2E-05
3E-05

[eNeoNeoNoNoNolNo)

CS6

0

0

0
0.00036
0.00057
0.0014
0.00633
0.0055
0.00529
0.00345
0.00254
0.00179
0.00184
0.00228
0.00324
0.00631
0.01516
0.02557
0.02457
0.02338
0.02253
0.02279
0.01005
0.00104
0.00039
0.00036
0

0
0
0

Ccs7

0
0
0
0
0
0

5.4E-05
0.00025
0.00074
0.00103
0.00138
0.0009
0.00056
0.00038
0.00032
0.00025
0.00016
0.00018
0.00052
0.00047
0.00054
0.00022
0.00031
3.6E-05
3.6E-05
1.8E-05
0

0
0
0

CT4

0
0.00036
0.00188
0.00218
0.00319

0.0037
0.00367
0.00236
0.00149
0.00071
0.00027
0.00019
0.00015
6.7E-05

4E-05

ol eheleNeNoNoNeNoNoNoNoNoNoNe]

CT5

0

0
6.6E-05
0.00079
0.00066
0.00124
0.00164
0.00175
0.00187
0.0013
0.00144
0.00139
0.00147
0.00164
0.00134
0.00064
0.00071
0.00066
0.00068
0.00026
0.00013
1.7E-05

Oooo0ooooo

CT6

0

0

0
0.00015
0.00023
0.00037
0.00068
0.00076
0.00095
0.0007
0.00073
0.00069
0.00072
0.00031
0.00036
0.00025
0.00012
0.00016
4.3E-05
6.1E-05
2.6E-05
2.6E-05
1.7E-05
3.5E-05
8.7E-06

coooo

DS5

o oo o

0.00015
0.00071
0.00155
0.00239
0.00288
0.00313
0.00262
0.00209
0.00219
0.00132
0.00099
0.00051
0.00066
0.00025
7.6E-05

0.0001

[eelololoNeoNoNoNoNe)

DS6

1.4E-06
5.6E-06
1.8E-05
4.5E-05
4.4E-05
8.7E-05
7.7E-05
7.9E-05
7.9E-05
6.3E-05
7.5E-05
8.5E-05
5.6E-05
3.5E-05
1.7E-05

7E-06
4.2E-06
1.4E-06
2.8E-06

TE-07

OO OoOooo

DS7

0

0

0

0
0.00022
0.00029
0.00025
0.00057
0.00051
0.00073
0.00089
0.0007
0.00073
0.00092
0.00067
0.00114
0.00092
0.00105
0.0007
0.00086
0.0006
0.00041
0.00032
0.00038
0.00025
0.00016
0.00022
0.00019
9.5E-05
0.00013

DS8

[oNeNeNolNelNolNolNe)

0.00287

0.0035
0.00319
0.00701
0.00573
0.00637

0.0035
0.00191
0.00478
0.00701

0.0051
0.00765
0.00605
0.00446
0.00223
0.00223
0.00287
0.00319
0.00414
0.00223
0.00096
0.00478

[eleoleoleNeNeNeNeNeNoNeoNeNololNeoNe o NoNeolNoNeoolNolNoNo ool oo ol

TWH,AS

0
0.0004
0.01187
0.01785
0.04265
0.06048
0.0759
0.07567
0.06978
0.07435
0.07164
0.07523
0.06214
0.04248
0.02029
0.01611
0.02575
0.03817
0.04729
0.04517
0.03594
0.03095
0.01295
0.00372
0.00355
0.00373
0.00436
0.00242
0.00105
0.00491

0.97679

8¢

Note: Traffic amount reduction = 1 - 0.976791 = 0.023209
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Sep D. Account for effects of tare weight changes.

The default ratio of empty to loaded trips is used for this
example: rg,. = 0.2. It characterizes the amounts of traffic
used to deliver payload and to return to the operation base
with no payload. The default value is based on data collected
in previous studies. The user may change this value if data
are available to support such a change.

For weight interval GVW, gc = 32.5 kips, the empty truck
traffic will not change, as shown in Table 3.5 in column
“TTevwkec - Thisis because the lowest impacted interval is
67.5 kips. This leads to the lowest-impacted empty traffic
interval being 67.5 — 30 = 37.5 kips using the selected tare
weight of 3S2T of 30 kips. Accordingly, there will be no
increase of empty traffic to the CS6 trucks, as shown in col-
umn “TTgywas  Of Table 3.5.

For weight interval GVW, gc = 37.5 kips, the empty truck
traffic is determined as ATTTARE—GVW,BC = —Tegn TT{/Wk,BC =
(0.2)(0.01151) = -0.00230, according to Eq. 3.2.2.9. This
value is shown in column “TT gywkec EQ. 3.2.2.1" of Table
3.5 with a negative sign to distinguish it from those traffic
amounts for loaded trips. Similarly, the increased empty
truck trafficiscalculated as DT Trare-cvwas = Her T Tovwias =
+(0.2)(0.0012) = +0.000241, shownincolumn“TTgywas Of
Table 3.5.

For the rest of impacted weight intervals from 42.5 to
62.5 kips, the same calculations are repeated as shown in
columns“TT gywkee EQ.3.2.2.1" and “TTgywas' Of Table 3.5.
Note also that interval 77.5 kips has two additional amounts.
Thefirst one (0.001604) came from the empty truck traffic due
totheweight interval 112.5 kips ((0.001604 = (0.2)(0.00802)).
The second amount (0.0012) came from the loaded traffic
increase discussed above.

The calculation for the truck type 3S2Sis given in Table
3.6 in the same format.

Sep E. Summarize the entries to the TWH for Alternative
Scenario.

Thefina resulting TWH isgivenin Table 3.7 inthelast col-
umn “TWH,s". It was summed using the normalized traffic
amountsin Table 3.4, except thosefor truck types3S2T, 3S2S,
and CS6 that are impacted upon. For truck types 3S2T and
3S2S, traffic shiftsaway to type CS6. Columns“ TT gywkec N
Tables 3.5 and 3.6 show the decreased amounts, respectively,
for 3S2T and 3S2S. Columns“ TTgywas  iN these two figures
givetheincreased traffic amountsto truck type CS6. Table 3.7
givesthe final results of these calculations.

Comparison of Tables 3.4 and 3.7 shows the impact of the
considered Alternative Scenario on TWH. Also note that the
TWH for the Alternative Scenario in Table 3.7 has not been
normalized as the sum of the frequencies is not unity. The
summed traffic amount 0.9768 has a difference from unity.
This difference, 0.0232, is the traffic amount reduction as a
result of weight limit change, because CS6 is alowed to
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carry a higher payload for each trip. The TWH needs to be
normalized to perform other analyses that require a normal-
ized TWH, such asthe analysisto find the equivalent weight
for stedl fatigue life prediction.

3.2.5 Recommended Method
for Predicting WWHSs

For assessing RC deck fatigue, truck wheel-weight distri-
butions are needed to estimate the effects of changesin truck
weight limits. Also, although outside the scope of this proj-
ect, wheel weight distributions are needed to estimate pave-
ment impacts.

It is assumed that there is a correlation relationship
between the wheel weights and the GVW. Accordingly, the
concept of the recommended method is to estimate the
wheel weights based on GVW. This assumption is particu-
larly valid for trucksloaded to the limits, which is dominant
to RC deck fatigue. When a TWH is available, possibly
obtained using the method recommended above, the wheel
weights can be estimated using the following empirical
relationships:

Wheel Weight = 0.5 Mean Axle Weight + Weight Residual
=0.5 (e +f OGross Vehicle Weight in kips)
inkips+ X

(325.1)

where e and f are regression coefficients. They form thefirst
part at the right hand side of this equation expressing the
mean wheel weight. X is a correction parameter to cover
extreme wheel 1oads away from the mean loads. These rela-
tionships have been established for all individual axles of a
variety of trucks, using WIM datafrom California. They are
shown as Data Set A-5.2.2 in Appendix A, as the default
database for e and f. Note that for each configuration, coeffi-
cients e sum to zero and coefficients f sum to one. This con-
dition guarantees that the sum of the axle weightsis equal to
the gross weight. It is also recommended that agencies use
their own WIM data to obtain those coefficients for typical
truck types within the jurisdiction.

To demonstrate the application of the equations, a con-
ventional 5-axle tractor—semi-trailer carrying 77,000 pounds
would have 10,760 poundsonitsfirst axle (the steering axle).
Dataset A-5.2.2 givese=7.603 and f = 0.041. Thus, thefirst
axle's average weight is calculated here as 1,000 pounds [
(7.603 + 0.041 077 (kips)) = 10,760 pounds = 47,860 kN.

Itisnoted, again, that the extremely high and extremely low
wheel weights are not covered in the mean or average weight
obtained using that regression relationship in the first part in
Eq. 3.2.5.1. Thisisdueto the nature of regression for predict-
ing the conditional mean of afunction (i.e., wheel weight here)
of the independent variable (i.e., GVW here). As discussed
in Section 2.3.2, RC deck fatigue is greatly influenced by
the highest wheel loads. Thus, X isusedin Eq. 3.2.5.1 to cover
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this additional amount to be added to the average wheel
weight.

Based on WIM data provided by the Idaho Transportation
Department (ITD), this additional amount, or residual
weight, is modeled here using a truncated skewed double
exponential distribution (Benjamin and Cornell 1970, John-
son et a. 1994). The truncated probability density function
f%(X,A) is expressed as follows.
fLOGN) = (X,A)/A where A >0 (3.25.2)
where X is a random variable to model the residual wheel
weight. A isits skew factor. A isthe area of the skewed dou-
ble exponential probability density function fx(x,A) after
truncation of the part for X > X,. X, represents the maximum
wheel weight on bridges. It is usually not the same as the
legal maximum wheel load. It depends on the degree of com-
pliance of truckersto wheel weight limits and effectiveness
of enforcement. Using the WIM data from Idaho, X, isfound
tobeat 18 kips.

The skewed double exponential probability density func-
tion fy(x,A) is defined as follows

fx(X,A) = 2R (AX)fy(X) where A >0 (3.25.3)
and
) = xS (3254
M Ox-wod
&xpg g (x-p) <0
Fc(x) = é.é 1 g (XH_ W0l (3.2.5.5)
4720 5 g (WO

where [ is the mean value of random variable X, i.e.,

K =E[X] (3.25.6)
E stands for expectation. Using the WIM data from Idaho
used in the application example, it is found to be zero. This
is expected, because X is the residual or deviation from the
regression-predicted wheel weight. b is another model para-
meter related to the variance of X:
232 = E[X?] (3.25.7)
The WIM datafrom Idaho were also used to estimate 3 and A
for both before and after a change in truck weight limit: 3 =
1.25kipsand A = 0.1. They may be used as default data. For-
tunately, they were found to be little influenced by the truck
weight limit change. This perhaps is because the WIM data
were from a case where the wheel weight limits did not
change.

The above probabilistic model for the residual X isthen
used in generating WWHs using TWHSs. The procedureisas
follows: (1) For eachweightinterval in TWH, use Eq. 3.2.5.1
to find the mean wheel weight. (2) Then distribute the traffic
of the GVW weight interval to arange of wheel weight inter-
vals, with the obtained mean wheel weight at the center of the
range. The traffic distribution follows the truncated skewed
double exponential distribution discussed above. Note that
this procedure has been implemented in the software module
in Attachment 5 in the attached CD.

3.3 STEEL MEMBER FATIGUE ASSESSMENT
AND FATIGUE TRUCK MODELS

The analysis for this cost-impact category typically con-
sists of the following steps.

1. Identify possibly vulnerable bridges.

2. Sample the possibly vulnerable bridges to reduce the
number of bridges to be analyzed in details, if Level |
analysisis used.

3. For theanalysis of each bridge in the sample (if Level
| analysisisperformed), generate the TWHs under the
Base Case and predict the TWHs under the Alterna-
tive Scenario. Estimate remaining safelife and remain-
ing mean life for both the Base Case and Alternative
Scenario. Select the responding action based on the
estimated remaining lives. Estimate the costs for the
selected action.

4. Summarize the costs for al bridges.

5. Perform a sensitivity analysis to understand possible
controlling effects of the input data.

The conceptsfor these steps are discussed in more details
next.

3.3.1 Identifying Vulnerable Bridges
and Sampling Bridges to Be Analyzed

Vulnerable bridges are defined here as those that have
details of E and/or E' fatigue strength category according to
the AASHTO specifications (1990, 1996, 1998). (Section
A-5.1.3 in Appendix A presents a set of general guidelines
that can beusedinthisprocess.) Typically, theagency’ sbridge
inventory can be used for identification of these bridges. The
NBI can be used as the default database if the agency does
not have more detailed bridge inventory. Most likely, the
NBI is needed when afederal-level analysisis performed. It
should be noted that if fatigue-prone details other than E and
E' categoriesare of concern to the agency, they can be added
to the analysis process to be covered. Thus the software for
the recommended methodology should reserve an option for
the user to include these detail types. When this is the case,
the agency will need to provide all other information needed

Copyright National Academy of Sciences. All rights reserved.
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to reach a cost estimate, such as the procedure to obtain the
stress range, the repair or replacement procedure, associated
unit costs, etc.

When the network being analyzed is extensiveincluding a
large number of bridges, a smaller sample will be desired
considering the resource constraint. This represents a Level
| data requirement case because only the information on this
bridge sample will be needed for detailed analysis. Such a
sample should be representative for the entire population, as
the estimated costs for this sample will be proportioned to the
entire population. It isthus advised that sampling be donewith
respect to the characteristics of the bridges, becausethese char-
acteristicsinfluence costs, sometimesvery significantly. These
characteristicsmay includejurisdiction (statevs. local agency);
functional class of the roadway; type of construction (plate
girders vs. rolled beams); type of spans (simple vs. continu-
ous); span length; and the year of original construction. Fortu-
nately, thistype of informationisavailableinthe NBI or atyp-
ical state agency’s bridge inventory.

Notethat theidentified bridgesasaresult of thisstep are pos-
sibly vulnerable ones. They may or may not have the targeted
E or E' details. To confirm the presence of such targeted details,
adetailed anaysis needsto be performed for each possibly vul-
nerable bridge (for aLevel |1 analysis) or for each bridgein the
sample selected (for aLevel | analysis). This detailed andysis
should proceed as specified in (AASHTO 1990) or the new
AASHTO manual after its adoption, asfollows.

3.3.2 Bridge Analysis for Remaining Lives

For each bridge selected (resulting from the last step), the
fatigue analysis should follow the AASHTO procedure (1990)
to be consistent with current practice (or the new AASHTO
manual after adoption). Namely, the following safe life esti-
mation should be used:

fK x10°
Y = (TJT)TCRS)? (33.21)
whereY isthetotal lifeinyears. K isaconstant tabulated for
each type of fatigue sensitive detail in the AASHTO specifi-
cations, and f equal to 1 for safelifeand 2 for mean life. Cis
the number of cyclesfor a passage of the fatigue truck. Ry is
areliability factor. S isstressrangeinksi for apassage of the
fatigue truck whose weight can be more reliably determined
using WIM data according to Eq. 3.2.2.11. For the Base Case
and the Alternative Scenario, this stress range should be cal-
culated using respective TWHSs. The Base Case TWH isbased
on site-specific WIM data or the default VMT data whose
sampleis presented in Data Set A-5.2.1 of Appendix A. The
Alternative Scenario’s TWH is to be developed using the
Base Cases TWH and the prediction method discussed in
Section 3.2 above. T isthe current annual daily truck volume
for the outer lane. T, is an estimated lifetime-average daily
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truck volume in the outer lane. The AASHTO specifications
(1990) provide valuesfor these parameters or guidelines about
determining them.

Note that the AASHTO procedure for T, represents an
approximation, which may lead to under- or overestimates.
The following formula is recommended to improve this
assessment. Its derivation starts from the definition of T,/T:

T, IZ(1+ u)’
T Y@+u?

(33.2.2)

where u is the annual traffic growth rate. It may be esti-
mated using information in the agency’s bridge inventory
or the NBI (i.e., the latest recorded traffic volume and
future traffic volume), if more specific information is not
available. A isthe current age of the bridge. The numerator
in Eq. 3.3.2.2 represents the sum of thetotal traffic over the
life span Y, using a constant annual growth rate u. The
numerator divided by the fatigue life Y givesthelife-aver-
age annual traffic, except that the initial traffic volume is
not included. The denominator (1 + u)” represents the cur-
rent traffic at the age of A years, except the initial traffic
volume. These two missing terms actually cancel each
other, and thus they are not shown. According to Eg.
3.3.2.2, it appears that finding Y needs an iterative
approach because the unknown Y is in both sides of the
equation in Eq. 3.3.2.1. Thiswould require some computa-
tional effort.

Fortunately, the summation in Eg. 3.3.2.2 can be explic-
itly written as

i(1+ W' = (L+u) x E(%lg (3323)

Substituting Eq. 3.3.2.3 into Eg. 3.3.2.2 and then into Eqg.
3.3.2.1 allows directly solving for Y asfollows.

OfK x 106 A-1 O
‘- 995 RS U g (3.32.4)
- log(1+ u)

Thisformulafor Y isvery helpful in simplifying the calcu-
lation as well as increasing its calculation speed in the soft-
ware module for the recommended methodol ogy.

3.3.3 Impact-Cost Estimation

Theimpact costslargely depend on the action to be selected
in response to the calculated remaining life changes and
other factors. These factors may be the current age of the
bridge, agency’ s policy regarding fatigue repair failure, and
so on. While the agency may decide whether more frequent
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inspection (monitoring) is warranted, the expected repair
and replacement costs are recommended below.

Asdiscussed above, despite the research efforts spent over
the past decades on steel fatigue, there is still uncertainty in
the estimation process. Therefore, steel fatiguefailureiscon-
sidered to be a random process. Accordingly, it is recom-
mended that a probability based approach be used for esti-
mating the costs directly related to fatigue failure (cracking).
These costs could berepair or replacement costs. The default
decision in the recommended methodology will be repair,
while other actions (such as monitoring) may be added. On
the other hand, replacement costs for individual members
depend on many factorsthat cannot be comprehensively cov-
ered in this project. They may include, for example, whether
or how many other members are to be affected or replaced,
the cost-effectiveness for repair compared with other
options, etc. On the other hand, repair costs are much less
scattered. Some default cost dataareincluded in Appendix A
in case more specific cost data are not available. A proba-
bilistic approach is recommended here to estimate the
expected repair costs.

The safe remaining life and the mean remaining life are
needed in this approach, using Eq. 3.3.2.4. The following
equation can be used to estimate the remaining life' sstandard
deviation oy
/Y MeanLite = _B "'(BZ +2 Ln(YMean Life/YSafeLife))llz (3-3-3-1)
where Ysgevie aNd YyenLite @€ saf e and mean lives cal culated
using Eq. 3.3.2.4. B isthetarget reliability index to which the
AASHTO specifications (1990) have been calibrated (M oses
et al. 1987). B isequal to 2 and 3, respectively, for redundant
and non-redundant components. Then the probability of
fatigue failure (cracking) P; within the considered planning
period PP (inyears) can be estimated asfollows using atrun-
cated lognormal cumulative function LOGN:

P = (LOGN(PP + A, Yvenite:Ov)
— LOGN(A, Yyt ite:0v))(1 = LOGN(A,Yyenite:Ov)) (3332)
A isthe current age of the bridge. The change in this failure
probability from the Base Case to the Alternative Scenariois
the impact on fatigue failure risk due to the Alternative Sce-
nario being investigated. Thus, the expected impact costs can
be estimated as follows
Expected Impact Cost = Impact Cost(Pias — Piac)  (3.3.3.3)
where subscripts AS and BC indicate respectively the Base
Case and the Alternative Scenario. When the expected impact
cost turns out to be negative (i.e., the failure probability under
the Alternative Scenario is smaller than that under the Base
Case), then the expected impact cost is taken to be zero
because not impact is expected. Theimpact cost here depends

on the action selected in response to the life change. It may be
for repair, replacement, monitoring, or their combinations. The
default is recommended to be repair. Data Set A-5.2.4 in
Appendix A provides steel fatiguerepair cost estimatesasthe
default costs data.

Note that this recommended approach is consistent with
the concept of the AASHTO fatigue assessment procedure,
using aprobability based approach. It hasthefollowing advan-
tages. (1) Using the concept of expected cost equal to the cost
times the probability of cost incurrence, the likelihood of fail-
ure occurrence (i.e., reaching end of fatigue life) is clearly
described. Thisreflectsthe nature of fatiguefailurewith uncer-
tainty (including the RC deck fatigue to be discussed below).
(2) It also avoids the difficulty in deterministicly deciding
which responding action to use, in previously recommended
deterministic approaches, in which different decisions could
cause extremely large differences.

3.3.4 Validity of the AASHTO
Fatigue Truck Model

The recommended procedure above suggests the use of the
current AASHTO fatigue truck, which was devel oped based
onWIM datacollected many yearsago. Thereisaconcernthat
truck configurations may have changed and will change as a
result of truck weight limit changes. This section addresses
thisissue, by considering a specific scenario of truck weight
limit change and providing guidelinesfor examining theissue
for agenera Alternative Scenario.

3.3.4.1 Introductory Remarks

Thisinvestigation is to quantitatively evaluate the current
AASHTO fatigue truck model (defined in AASHTO Guide
Fecificationsfor Fatigue Eval uation of Existing Steel Bridges
1990) under truck weight limit changes. The AASHTO fatigue
truck model has afixed configuration (with axle distances of

14 and 30 ft, and axle weights of % g and g of GVW for
3 axles as shown in Fig. 2.1). The GVW is determined
using the equivalent weight concept based on the truck
weight histogram (TWH) if available:
GVW = Wequivaent = (Zi=123..f iWi3)ﬂ3 (3.34.1)
where W; isthe GVW for weight interval i which is taken at
the mid-interval, and f;is the frequency for that weight inter-
val. The AASHTO fatigue truck model was developed using
WIM datacollected inthe early 1980sby Fred Mosesand his
colleagues (1987). Present investigation isto eval uate whether
thismodel would be valid when truck traffic changes (mainly
in configuration or the distribution of GVW among axles)
under changes in truck weight limits.
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3.3.4.2 Alternative Scenario

A specific scenario of weight limit change is selected for
this investigation: legalizing GVW of 431 kN (97 kips) on
6 axles. This scenario was selected because of the following
considerations. (1) Only those scenarios that legalize new
weights across the board could affect the validity of current
fatigue truck model. Localized legal weight-limit changes or
permit-limit changeswould unlikely generate such an impact
because the amount of traffic to be affected would be too
small. (2) The 431 kN (97 kips) legal weight has the poten-
tial to be legalized. It has been, and still will be, a subject of
debate at Congress. Further, thisscenarioislegal in Canadian
provinces; this pressures border U.S. states to legalize this
scenario (e.g., Michigan).

Because it is not certain what axle distances will be legal-
ized for the selected scenario, two 6-axle configurations are
considered here. Shownin Fig. B-2.1.1in Appendix B, these
two configurations represent upper and lower boundsfor the
reality with respect to axle distances, especially the axle dis-
tance between the tridem and the tandem. The two truck con-
figurations are respectively referred to as 3S3A and 3S3B.
Note that the steering axle weight is set to be constant
becauseit doesnot vary significantly with GVW for thiskind
of configuration. When fully loaded to 431 kN (97 kips),
these two configurations will have their tandem and tridem
respectively weighing 151 kN (34 kips) and 227 kN (51 kips).
It should be noted that, with respect to dimensions, the 3-S3A
islikely more acceptable than the 3-S3B becauseit isshorter,
requires less space, and thus is easier to be accommodated.

3.3.4.3 Approach

Thevalidity of the AASHTO fatigue truck model is deter-
mined herein by understanding whether the model can ade-
quately predict load effects, which relate to fatigue damage
more directly than truck weights. Bending moment is used
here for this purpose, because it is proportional to stress:
Mequivatent = (Zi=123..fiM Bve (334.2)
where M stands for moment, and therest of the symbolshave
been defined in Eq. 3.3.4.1. Asdiscussed above, M gyivaen: CaN
be used to better predict fatigue wear. In routine practice,
Mequvaent 1S NOt readily available because it requires knowl-
edge of trucks' axleweights. A lessdirect way of estimating
fatigue is the AASHTO method as described in Eq. 3.3.4.1.
The difference between M quvaen @nd the moment induced by
the AASHTO fatigue truck model (with GVW = Wegivaient @
defined in Eq. 3.3.4.1) is used here to indicate the model’s
validity:

(3.34.3)

Error = Maasuro fatiguetruck model /M equivaient = 1
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WIM data collected in 1996 are used here from interstate
rural highwaysin New Y ork, which has a significant number
of steel bridges. These are the latest data from that state avail-
able at FHWA. These data are used here as the load for the
Base Case. The researchers then apply the recommended
method for predicting TWHSs presented in Section 3.2 to esti-
mate the load under the Alternative Scenario (i.e., legalizing
431 kN or 97 kip GVW on 6 axles). For the midspan moment
in simple spans, the results are compared using Eq. 3.3.4.3.
The default window parametersare used for thisinvestigation.

All “shifting” of loads between truck configurations dueto
the hypothetical weight-limit change is done for the individ-
ual 3-S3trucks. Namely, each truck inthe original WIM data
is examined to determine whether its load will be hauled by
anew 6-axle semi that could haul higher load. Only those
5-axle trucks that have a GVW close to the current weight
limit are eligible to be shifted to 6-axle trucks because they
are likely to be affected. Only a specified fraction of these
trucks will be subject to such shifting, according to the
default window parameters a, = & = 10%, b, = b, = 20%, and
¢ = 0.95. When atruck is confirmed to be eligible for shift-
ing, deciding whether the particular truck will be shifted or
not is based on random sel ection, which assuresthe specified
fraction. If shifted, the truck is replaced by a new truck with
6 axles. As aresult of shifting, the number of trucksis also
reduced to maintain constant payload, asdefined by Eq. 3.2.2.2.
After al trucks have been examined and shifted if deemed
necessary, they are used to find their maximum midspan
moment for a simple span. A histogram of moment is then
generated for calculationin Eq. 3.3.4.2, which isused to find
M equivaient fOr Eq. 3.3.4.3.

3.3.4.4 Results and Conclusions

As discussed above, inadequate information exists on the
real configurations of 6-axle semis. The 3S3-A and 3S3-B in
Fig. B-2.1.1 arerespectively used for this purpose to produce
results as two bounds for the reality, as shown in Table 3.8
for arange of ssimple spans. For comparison, the Base Case
data are also used in Table 3.8 to show the validity of the
AASHTO fatigue truck model for current truck traffic. Sev-
eral observations are made as follows for these results.

1. If most 6-axle semishave aconfiguration of 3S3-A, the
AASHTO fatigue truck model is still valid, as shown
by low errorsin the column of 3S3-A in Table 3.8. The
maximum error there is 3.66 percent for moment (or
stress) and 11.39 percent (= 1.0366° - 1) for fatiguewear
according to the cube rule. This is because the 3S3-A
configuration is close to that of the AASHTO fatigue
truck. Further, this validity improves with span length,
because the weight distribution among axles in a truck
becomes less significant to moment for longer spans.
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TABLE 3.8 Errorsbhy usingthe AASHTO fatigue truck model under the
alternative scenario of legalizing 431 kN (97 kips) GVW on 6 axles

Error (%)(Using Eq.3.3.4.3)
Alternative Scenario  Alternative Scenario Base Case

Shifted to 3S3-A Shifted to 3S3-B Without Shifting
Span Length in m (ft)
18 (59) -0.88 -0.88 -0.96
30 (98) +3.66 +15.56 +5.22
42 (138) +2.54 +11.29 +3.57
54 a77) +2.34 +8.26 +2.71
66 (216) +1.54 +6.50 +2.17

. If most 6-axle semishave a configuration of 3S3-B, the
AASHTO fatigue truck will be less valid. For some
spans, this becomes severe, as shown by larger errors
in the column of 3S3-B. For example, for a span of
30 m, the error is 15.56 percent. This error will cause
an overestimation of fatigue by 54.3 percent according
to the cuberule.

. Thereality isunderstood to be between the two bounds
discussed above. Depending on how close the real truck
configurations are to 3S3-A and 3S3-B, the real error
would rest between the two bounds (Columns of 3-S3A
and 3-S3B) given in Table 3.8.

. For very short spans, the axle, tandem, or tridem
weights become governing for moment. Thus the dif-
ference between different configurations becomes small,
asshownin Table 3.8 for the 18-m span. This span can-
not have all the axles on the bridge for the 3S3-B, and
cannot have axles al contributing to moment signifi-
cantly for the 3S3-A either. Asaresult, the tandem and
tridem weights control the maximum moment.

. For current truck traffic, the AASHTO fatigue truck
still appears to be a reasonable model, as shown in the
column of Base Case without shifting. The maximum
error is5.22 percent for moment, thus 16.49 percent for
fatigue damage.

. It should be noted that medium span lengths that are
just long enough to have all the axles on the span and
al of them making notable contributions to moment
would suffer from highest approximation as shown in
Table 3.8 for the 30-m (98-ft) span length. When the
span length increases, this approximation becomes
more acceptable.

. In general, if the new trucks under the Alternative
Scenario do not significantly differ from the current
AASHTO fatigue truck in configuration (for a span
length), the AASHTO fatigue truck would still be valid.
Further, if the replaced traffic does not occupy alarge
percentage of the traffic traveling at the current weight
limit (e.g., permit truck traffic or localized legal trucks),
the current fatigue truck would still be valid. In other
words, thereby caused approximation in fatigue assess-
ment will be acceptable.

3.3.5 Sensitivity Analysis

As alluded to or directly discussed earlier, thereisalevel
of uncertainty involved in the AASHTO fatigue assessment
procedure. It isthus critical to understand the effects of this
uncertainty on the final results, the estimated expected
impact costs. Due to alarge number of parameters used here
inthe recommended methodology, ageneral approachtothis
requirement is recommended to be as follows: (1) identify
those parameters or assumptionsthat may significantly influ-
ence the final result and (2) alter the identified parametersin
a realistic range and re-perform the analysis accordingly.
This sensitivity analysis will help identify those parameters
that have more dominant influence or higher sensitivity.
These parameters may need re-examination and possibly
adjustment for more reliable results. This concept is recom-
mended for all four cost impact categories covered intherec-
ommended methodol ogy.

For the cost-impact category of steel fatigue, the follow-
ing parameters may need to be examined for their effects on
the final result in the sensitivity analysis. (1) The window
parameters a; &, by, b,, and ¢, and the parameter for exoge-
nous shifting in the TWH prediction method, as defined in
Section 3.2. (2) Load distribution factor used to calculate the
stressrange. (3) Impact factor. (4) ADTT. (5) Repair cost data.
(6) Action selected by the agency user. (7) The sample bridges
selected, if Level | analysisis used.

3.3.6 Secondary Bending

Fatigue failure caused by secondary bending is commonly
observed in the field. It results from distortion of members
and partial fixity at connectionsthat are assumed to be pinned
(Moses et al. 1987). Currently there are no general quantita-
tive methods for identifying and analyzing them for fatigue
assessment, mainly because this type of failureis aresult of
local condition, which may vary significantly over the nation.
Thus, itisvery difficult to develop general guidelinesfor iden-
tification and analysis to cover alarge variety of situations.
Section A-5.1.3 offers a general concept for addressing cost
impact for this type of steel fatigue. The assumption used
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there is that, within ajurisdiction, the variation of situation
may be much smaller. This situation may makeit possible to
perform detailed analysisfor several typical vulnerabledetails
common within the jurisdiction.

3.4 RC DECK FATIGUE
3.4.1 The RC Deck Fatigue Model

The following formula has been recommended for pre-
dicting fatigue failure of RC decks:
Log(P/P,) = A + B Log(N) (34.11)
where P/P, isthe ratio of the repetitively applied load P and
the static ultimate strength of the concrete deck P,.. N is the
number of times (cycles) load Pisrepetitively applied. A and
B are model parameters to be determined based on reported
physical testing and statistical analysis of the test results.
Note that this format is very similar to that for steel fatigue
discussed above, known as S-N curves:
Log (S) =A + B Log(N) (34.1.2)
where S is the stress range due to repetitively applied |oad.
Therest of the symbols are defined the same as those in Eq.
3.4.1.1. Parameter B has been found approximately equal to
-1/3 for steel fatigue, based on a large number of tests
(Moses et al. 1987). Further, parameter A has been found to
be dependent on the type of weld detail. The AASHTO
bridge design codes (1996, 1998) classify these weld details
into fatigue strength categories A through E'. Using the prin-
ciple of Eg. 3.4.1.2 and the assumption of linear accumula-
tion of damage (the Miner’'s Law), the AASHTO specifica-
tions (1990) include provisionson A for fatigue eval uation,
which are being integrated into the new AASHTO evaua-
tion manua under NCHRP Project 12-46 (AGLichtenstein &
Associates 1999). (This AASHTO procedure has been
included in the recommended methodology in Appendix A.)

The latest effort of investigating RC deck fatigue was
reported in Perdikaris et al. (1993) and the study was con-
ducted at Case Western Reserve University. In this study for
Ohio DQT, alarge number of rolling wheel tests were per-
formed on 1/3—and 1/6.6-scalemodel s, aswell as static tests
for the ultimate capacities of these deck models. The model
system, including the deck, the beams, and the wheel load,
was carefully scaled according to the similitude theorem.
Three reinforcement ratios were used in the testing program:
the AASHTO method (0.7% in the transverse direction and
0.35% in the longitudinal direction); the Ontario method
(0.3% in both directions); and isotropic 0.2% in both direc-
tions. A scaled wheel load was used to apply moving (rolling)
load to the deck. Two prototype beam spacings were included
inthetest program: 7 ft and 10 ft. The 1/3—scale models had
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two steel beams supporting a deck, and the 1/6.6 models
had 4 steel beams simulating typical U.S. highway bridges.
Thetest program of thisODOT project represents the most
comprehensive research effort to date for RC deck fatigue
behavior. Cracking damage was shown resembling that in
real bridges, which was also observed by other researchers
independently (Matsui 1991, Kato and Goto 1984, Okada
et a. 1978).

Theresultsreported in Perdikariset al. (1993) can be sum-
marized as
Log(P/P,) = —0.1737 — 0.0557 Log(N) (34.1.3)
which isin the same format as Eq. 3.4.1.2 for steel fatigue,
except that the stress Sis replaced by a stressratio P/P,.

Ontheother hand, the ODOT study did not cover the effects
of water presence. Using full-scale models for highway
bridges in Japan, Matsui (1991) found that water worsens the
situation and significantly accel erates the fatigue process. The
fatigue life (number of cycles) may be reduced by as much
as 1,000 times as a result of water presence because water
“washes” cement and sand off the cracked surfaces, enlarges
the crack, and in turn increases the rate of deterioration. As
discussed above, the loadife (S-N) curves are shown as
straight lines in the log-log scale. By comparing these
straight lines under dry and wet conditions, Matsui (1991)
found that the SN curves for dry condition are “rigidly
shifted” down by an amount, almost without a change in the
slope. Namely, the interception of the straight line was low-
ered (i.e., parameter A in Eq. 3.4.1.1isreduced by an amount).

3.4.2 The Recommended
Fatigue Assessment Procedure

Based on Eg. 3.4.1.3 the following procedure is recom-
mended for assessing RC deck fatigue using asimilar format
to that in Article 3.2 of the AASHTO specifications (1990)
for steel fatigue assessment:

_ KKy
T (TJT)TC4(R4IPPIP,)7%

Ya (34.2.19)

where Yy isthe servicelife of the deck. Using the concept in
Eq. 3.3.2.4, Y4 can be explicitly computed as follows

KqK p A-1
C,(RyIPRIR,Ts YT Y +1@ (34.2.1b)
log(1+ u)

Yq =log

Y4 will bethe mean servicelifefor thereliability factor Ryset
equal to 1 and the evaluation life for Ry equal to 1.35. T, is
the life-average of daily truck volume and T is the current
daily truck traffic volume for the outer lane, as used in Eq.
3.3.2.1for steel fatigue. C,isthe average number of axles per
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truck. P/P, isthe equivalent stress ratio caused by wheel load
P defined as follows:

PIP, = [Zfi(P./P,) (P[P, %] Vi (3422
where P, isthe ultimate shear capacity of the deck. Eq. 3.4.2.1
uses the same linear damage accumulation assumption (the
Miner's Law) asfor steel fatigue. Ky is a coefficient that cov-
ersthemodel uncertainty (with respect to the assumed Miner’s
Law). For calculation convenience, the model constant A =
—0.000762 in Eq. 3.4.1.3 and a constant of 365 days/year are
aso include in K. K, addresses the difference between the
time of deck failure (punch through) described by Eq. 3.4.1.3
and thetime of real deck treatment. It also covers accelerated
fatigue due to water presence, which is a variable over the
country due to climate condition.

The parameters in Eq. 3.4.2.1 may be divided into three
groups: (1) load magnitude related (1, Ps, and P/IP,); (2) num-
ber of stress cyclesrelated (T./T, T, and Cy); and (3) model-
related (K4 and K,). These parameters are further discussed
asfollows.

The recommended approach is based on the following
concept. The useful service life of abridge deck isarandom
variablethat isafunction of anumber of other variables: load
magnitudes, number of load cycles, and decision as to when
it should be renewed (by overlay or replacement). Note that
patching is considered to improve service to the public by
providing better riding quality, but it does not increase struc-
tural capacity against fatigue.

Note that deciding the end of service life inherently
involves uncertainty. Weyers et al. (1994) has showed, in
SHRP Project C-103, that the opinions of engineers making
the decision on when to overlay a bridge deck are far from
uniform. When they were given the same information about
the top surface condition of the same decks, their answers
had significant scatter as to whether these decks have
reached the end of service life or whether they need treat-

ment. The procedure in Eq. 3.4.2.1 has been designed to
cover thisfactor to acertain extent. Thisis discussed bel ow
in more detail .

3.4.2.1 Load Magnitude Related Parameters

In Eq. 3.4.2.1, the nominal impact factor | from the
AASHTO specificationsis used here to cover dynamic effects
of truck wheels. On the other hand, the real dynamic impact
is arandom variable, assumed to have a mean equal to the
code specified nominal value and a standard deviation equal
to the mean times the coefficient of variation (COV), which
isset equal to 15% (Moses et a. 1987).

The parameter Psisreferred to as axle-group factor. It isto
cover effective load increase due to closely spaced wheelsin
axle groups, such as tandems and tridems commonly used in
heavy trucks. In general, thisfactor isdeck dependent because
it isafunction of the deck’s relative geometry related to the
following parameters: (1) deck thickness; (2) spacing of the
supporting beams (i.e., the span length of the deck); and
3) span length of the supporting beams, which could deter-
mine whether the deck is closer to a one-way dlab or atwo-
way slab. Furthermore, the spacings of thewheelsin atandem
or tridem are not constant. Therefore, parameter P describes
an interactive relation between the wheel loads and the deck.

Thefinite element analysis method was used to understand
the effects of the above variables to be covered by Ps for
6 RC decksin Arizona, Alabama, and Georgia. Notethat many
bridges in these states have not been subjected to de-icing
salt, for which the recommended method for fatigue assess-
ment is applicable. The finite element modeling was vali-
dated against field test datapresented in Fu et al. (1997) using
a bridge in New Y ork whose deck was load tested several
timesover aperiod of 7 years. Figs. 3.4 to 3.9 show thefinite
element models for these bridges, with both the deck and
supporting beams modeled. Two of these bridges have con-
crete beams and the rest have steel beams. It isfound that the

Figure3.4. Finite element analysis model for Bridge 845 in Arizona.


http://www.nap.edu/21956

Figure3.7. Finite element analysis model for Bridge 7232 in Alabama.
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Figure 3.8. Finite element analysis model for Bridge 5360 in Alabama.

shear effect increase due to closely spaced wheels varies
from 2to 9 percent. Based on this set of analysisdata, therec-
ommended value for Psis determined at 1.04 for Eq. 3.4.2.1.
P actually can be modeled as a random variable having a
mean equal to 1.04 and a COV equal to 3.5%.

P, is the nominal ultimate shear strength of the deck
to be estimated as follows, according to the ACI design
code (Perdikaris et a. 1993) and the AASHTO design code
(1996):

P, = (2+4/a)(fe)V2 body <4(fL)Y2b, dy (34.2.3)
wheref isthe concrete compressive strength in psi. o isthe
ratio of thetire print’slong side to short side, set equal to 2.5
for anominal tire print of 0.508 m by 0.203 m (20in. by 8in.)
for dud tires. d is the deck’s effective thickness equal to the
total thickness minus the bottom cover thickness. It is rec-
ommended to also subtract a 0.00635-m (0.25-in.) thick
layer from the nominal thickness to account for wearing
observed in bridge decks. byis the perimeter of the critical

section, which is defined by the straight lines parallel to and
at a distance d/2 from the edges of the tire print used. yisa
model correction parameter, whichisset at 1.55 based on the
test datain Perdikariset a. (1993). It should be noted that the
above parameters are nominal values of respective variables
with uncertainty, asin many other casesfor strength or fatigue
assessment. Thus P, can be expressed as a random variable
withitshias(nominal valuedivided by the mean value) equal
to one and a COV equal to 23%, based on the data reported
in Perdikaris et al. (1993).

Pin Eg. 3.4.2.1 is an equivalent fatigue load that can be
calculated as follows using a WWH.
P = (Zf,(P,) P}r5)yires (34.2.4)
where P, is the mid-interval value of the ith interval in the
WWH, and f(P,) isthefrequency for that interval. Eq. 3.4.2.4

is similar to Eq. 3.3.4.1 for stedl fatigue, except that the
model constant is 17.95 in the former and is 3 in the latter.

Figure 3.9. Finite element analysis model for Bridge 6446 in Alabama.
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Here 17.95 = -1/B with B = -0.0557 taken from Eq. 3.4.1.3
based on reported physical testing results.

Further note that asteering wheel usually consists of asin-
gle tire not dual tires. The wheel acts on an area that is
approximately half of the dual tire print. Thus the ultimate
shear capacity P, is reduced by about 33 percent. For calcu-
lation convenience, P, can be kept as a constant with the load
increased by 1/0.67. In other words, the steering wheel
weights should be increased by 1/0.67 for P, to be treated as
aconstant and taken out of the summation sign, asindicated
in Eq. 3.4.2.4. According to previous research experience
(Moseset al. 1987), the equivalent weight P can be described
by a random variable with its bias equal to 1 and its COV
equal to 0.15.

3.4.2.2 Load Cycle-Related Parameters

These parametersinclude T,/T, T, and C,. Eq. 3.3.2.2 gives
the formulato calculate T,/T, as the ratio of the life-average
truck traffic to the current truck traffic for the outer lane. As
discussed there, an iterative approach should be used to reach
areliable estimation. T isthe current truck traffic for the outer
lane, according to the procedure given in AASHTO (1990).
Thisincludes adjustment to the total truck traffic recorded in
the agency’ s bridge inventory or the NBI, according to the
number of traffic directions (one way or two way) and the
number of lanes.

Cyistheaverage number of axles per vehicle, which may be
obtained using appropriate WIM dataor the default VMT data
whose sampleisgivenin Data Set A-5.2.1 of Appendix A. Cy
can be calculated using WIM data according to the following
formula
Cqy = Zn;fi(truck type; with n; axles) (3.4.2.5)
where f(@) indicates the frequency of a. When appropriate
WIM data are not available, the FHWA VMT data may be
used to obtain the frequencies f(a) for Eqg. 3.4.2.5. In this
default data set, 18 vehicle types are included besides auto-
mobilesand light 4-tire trucks, which are usually excluded in
bridge structure related analyses. Numbers of axlesfor these
18 vehicles are graphically shown in Data Set A-5.2.1 in
Appendix A. They may be used to estimate C, according to
Eq. 3.4.2.5.

3.4.2.3 Model Related Parameters

The model underlying the recommended procedure in Eg.
3.4.2.1, aswell asthat in Eq. 3.3.2.1 for steel fatigue assess-
ment, isbased on Miner’slaw. It assumesthat the fatigue life
consumed by one application of aload Pisinversely propor-
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tional to the number of cycles at which a constant repetitive
load P will exhaust the fatigue life. Namely for RC decks:

Fatigue consumption of one application of P =

Z IR

(3.4.2.6)

(P/ Pu )17.95

(@3N

where N(P/P,)Y"% = ¢ is the SN curve based on physical
testing, which describesthe samerelationship asEq. 3.4.1.1
except in adifferent format. Thislinear model isapparently
aconvenient approximation. Parameter K4 in Eq. 3.4.2.1is
to model the uncertainty in this prediction and is modeled
as arandom variable. A nominal value of K4 =2.09 x 1076
is recommended, based on reported test results (Perdikaris
et al. 1993).

Furthermore, the fatigue S-N curvefor RC decks shownin
Eqg. 3.4.1.3 refersto ultimate fail ure—acone shaped concrete
cracks off (i.e, is punched through) the deck. On the other
hand, most RC decks in the United States are overlaid using
new concrete or replaced before ultimate failure, except for
afew incidents of real failure showing deck holes. Thisindi-
catesthat thereisaclear differencein the definition of end of
service life between what Eq. 3.4.1.3 describes and what is
recognized in practice. The practice includes an apparent
safety margin for preventing serious consequence of deck
failure. This difference is covered by parameter K, in Eq.
3.4.2.1. This parameter also covers the effect of water pres-
ence that accelerates deck fatigue. A nominal value of K, =
3.16 x 1077 is recommended, based on a calibration using 11
bridge decksin Alabama, Arizona, California, Georgia, Mis-
sissippi, Nebraska, and Washington. These decks have been
overlaid or have been scheduled for overlay in the near future.
This influence is a'so modeled by a random variable, with a
biasequal to 1 (i.e., unbiased or mean value equal to the nom-
inal value) and a COV of 2. This COV isreatively large as
observed variation in deciding deck rehabilitation and water
presence. As commented on above, there is a notable scat-
ter among engineers who make decisions on when a bridge
deck needs overlay or replacement for the same physical deck
conditions (Weyers et al. 1994). Needless to say, there are
other variables beyond the physical condition that contribute
to the variation in the deck overlay or replacement decision
process; for example, whether other bridges on the same route
would need rehabilitation in order to save mobilization costs
and user costs caused by traffic disturbance.

Furthermore, the reliability factor Ry in Eq. 3.4.2.1 isdeter-
mined using the same approach used in Moses et al. (1987) for
R in steel fatigue assessment according to Eq. 3.3.2.1. This
process takes into account the variation of the random vari-
ables discussed above. The main purposefor Ry hereisto pro-
vide asecond point on the probability distribution curvefor the
deck service life being estimated, beside the mean life using
Rgequal to 1. Thissecond pointisreferred to asevauation life.

Copyright National Academy of Sciences. All rights reserved.
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Ry is set equal to 1.35 being the same as R, for steel fatigue.
This Rg value corresponds to ardliability index 3 =0.94, due
to higher uncertainty observed than that in steel fatigue. With
thesetwo points made availabl e, the probability of failure(i.e,
the probahility of reaching the end of servicelife) can be com-
puted for any time interval. This project is interested in this
probability for the pre-selected PP as discussed next.

3.4.2.4 Cost-Impact Estimation

The recommended procedure defined in Eq. 3.4.2.1 offers
two values of life: themean lifeand theevaluation life. These
two values define two points on the distribution curve for the
service life of an RC deck, in the same fashion as the proce-
durefor steel fatigue discussed earlier. The mean servicelife
indicates the expected life. The true service life has equal
probabilities (50%) to be higher or lower than the mean life.
The evaluation life is defined to be associated with a proba-
bility value of approximately 0.174 (i.e., the probability of
servicelife smaller than the evaluation lifeis0.174). Thusthe
safety index B = —@%(0.174) = 0.94 where distheinverse
cumulative probability function for the standard normal vari-
able. Thisprocedurefor RC deck fatigue hasa consistent for-
mat with that for steel fatigue assessment.

The expected impact cost can then be estimated in the
same way as Egs. 3.3.3.1t0 3.3.3.3:

Expected Impact Cost = Impact Cost (Pias— Prigc)  (3.4.2.7)
where P is the probability of failure or probability of reach-
ing the service life end during PP years. oy is the standard
deviation of the deck servicelife, to be calculated asfollows,
using Eq.3.3.3.1:

Ov/Y wentite = = B +(B? + 2 LN(Yyenvitd YerreLie )" p=08 (3.4.28)
The subscripts BC and AS in Eq. 3.4.2.7 indicate the Base
Case and the Alternative Scenario, respectively.

Parameter K, in Eq. 3.4.2.1 has been calibrated using
seven RC decks that have reached the end of service life
(recently overlaid or have been planned to be overlaid) in
Alabama, Arizona, California, and Georgia. Thusthe default
responding action is concrete overlay and the default impact
cost aboveisthe overlay cost. Note that deck replacement in
those states that are not subjected to much snow has been
much less frequent than concrete overlay. Thus data are not
adequate at thispoint to calibrate Eq. 3.4.2.1 against replace-
ment need, although it may be performed at alater timewhen
more data become available.

The mechanism of deck fatigue after concrete overlay is
also not well understood at this point, particularly for those
states not using much salt. As such, the following recommen-
dations are made as to what action should be selected for cost
estimation. Options of responding action may be (i) patching

and then concrete overlay, (ii) immediate concrete overlay,
(iii) patching and then asphalt concrete overlay, (iv) immedi-
ate asphalt concreteoverlay, and (v) patching and then replace-
ment. These options are discussed in more details next, offer-
ing guidelines useful for corresponding cost estimation.

Asaprinciple of cost estimation stated earlier, the impact
costs are those expected to incur within PP. Options (i) and
(i) correspond to the situation for which Eq. 3.4.2.1 has been
calibrated. Option (i) includes patching in addition to concrete
overlay, which is mainly to “buy” time but does not address
the structural need of the deck. Thusit is considered to be an
option of the agency, which may depend on whether fundsfor
concrete overlay are available. Options (iii) and (iv) actualy
do not completely address the structural need either but they
may buy more time than just patching. They are likely to be
done before the deck reachesthe condition needing aconcrete
overlay. They could be a less expensive responding action,
compared with concrete overlay but for ashorter life spanasa
return. Assuming no further action is needed after the asphalt
concrete overlay (within PP), this selection is expected to pro-
vide a conservative cost estimate or under-estimate. Option
(v) iscertainly an option even for a deck appearing to need a
concrete overlay, because the different needs for overlay and
replacement sometimes are not very well defined. Other fac-
torsmay overridetheir differences. For optimizing life cycle
costs at the network level, replacement may be a more cost-
effective option than concrete overlay. Thus this option is
listed for the agency to decide according to the specific deck
situation.

3.4.2.5 Generation of WWHSs for RC
Deck Fatigue Assessment

The required WWHs can be generated using the TWHs
respectively for the Base Case and the Alternative Scenario.
The starting point of this process could be the truck weight
datafor TWH as seenin Data Set A-5.2.1in Appendix A or
WIM data. Note that the data in that table are directly taken
from the FHWA VMT datathat have not been normalized to
satisfy the definition of histogram that the summation of all
thefrequencies should be 1.0. For each vehicletype, Data Set
A-5.2.1in Appendix A offers an empirical way to find the
individual wheel weights if the GVW and the configuration
are known:

Wheel Weight = 0.5 Axle Weight
=05(e+fGVW) +X (3251)
where e and f are model parameters resulting from regression
analysis of wheel weightsand GVW. Data Set 5.2.2 in Appen-
dix A provides the default values for e and f, which was
obtained using a large number measured wheel weights and
GVWSs. When more site-specific data are not available, this
dataset may be used asthe default data. It isrecommended that
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state agencies obtain jurisdiction specific values for these pa-
rameters, using available WIM data that include axle weights
and distances. X istheresidual from the average wheel weight
predicted by the regression relationship 0.5 (e + f GVW), as
modeled in Egs. 3.2.5.2t0 3.2.5.6. This*“back track” approach
makes it possible to obtain WWHSs based on TWHSs.

3.4.2.6 Anlllustration Example

For illustration, an application example for Eq. 3.4.2.1is
presented here. The RC deck studied here is on Bridge No.
15420 in the state of 1daho, built in 1966. It carries 2 lanes
of traffic in two directions. For a total deck thickness of
0.175m (67/sin.), d istaken as 0.143 m (5%s in.): d=d - ¢
-w=0.143m (5.625in.) d = 0.175 m (67/s in.) is the total
thickness, cisthe bottom cover equal t00.0254 m (1in.), and
w accounts for wearing of the thickness, taken as 0.00635 m
(0.25in.). For concrete compressive strength f; = 20.68 MPa
(3000 psi), the ultimate strength P, is found to be 600 kN
(134.9 kips) using atire print of 0.2032 m x 0.508 m (8 in x
20in), according to Eq. 3.4.2.3:

P.= (2 + 4/a)(f )" body
= (2 + 4/2.5)(3000)2 (2(20 + 8
+ 2 x 5.625))5.625(1.55)
= (3.6)(54.77)(78.5)(5.625)(1.55)
= 134.9 kips = 600 kN < 4 (f})¥2 bydy
= 4(54.77)(78.5)(5.625)(1.55)

(3.4.2.3)

The following recommended model parameters are used:

P; = 1.04 (a constant, based on calibration using decksin
several states)

Kq=2.09 x 10°® (model constant based on reported RC
deck test results)

K,=3.16 x 107 (model constant calibrated for US field
condition for water presence and practice in service
life definition)

Ry =1 for mean servicelife.

Other parameters are calculated as follows.

T = (AADT for the bridge )(Truck Percentage)
x (Outer Lane Coefficient from AASHTO 1990)
= (6100)(0.08)(0.6)
= 292.8 trucks per day on outer lane
Cy=5.00, using WIM dataand Eq. 3.4.2.5
| =1.2 (AASHTO 1990)
u=0.0195 (annual traffic growth rate, estimated using
current AADT and future AADT in the NBI)
P=54.1 kN (12.7 kips) using the WWH shown in Fig.
B-1.2.1 and Eq. 3.4.2.4 for the Base Case.
A =1997 - 1966 = 31 years (current age)

Thus,
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KoK, N
1 1
Yy =1lo HTCd(Rd'F’SP/PU)”-% u(l+ut + H
Y log(1+ u)
(2.09)(3.16)10™
log 92.8(5.00)[1.0(1.2)1.04(54.1/ 600)] " (342.1b)

log(1.0195)

(0.0195)(1 + 0.0195)*" + 1@

log(1.0195)
= 51.1years

It should be noted that due to uncertainty observed in
reported physical test results and practice in determining end
of servicelife, thereal service life of the deck is not certain.
Thus a probabilistic approach has been recommended above
in Eq. 3.4.2.7 to estimate the expected impact cost as the
product of the cost for the action and the probability of reach-
ing the end of service life during the next PP years (whichis
the probability for that action to take place).

3.4.3 Sensitivity Analysis for
the Recommended Procedure

The recommended RC deck fatigue assessment procedure
in Eq. 3.4.2.1 isbased on reported test resultsand acalibration
for U.S. practice for deck renewal by concrete overlay. These
test results and agency practice have notable uncertainty. It is
important to understand the effects of such uncertainty in order
to guide appropriate application and interpretation of results.
This section addresses this issue, by performing a sensitivity
analysis.

Asdiscussed above, thetermsin Eq. 3.4.2.1 with an expo-
nent of 17.95 are in the same situation for their effect on the
estimated life. These parametersinclude thereliability factor
Rq, the dynamic impact factor 1, the stress ratio P/P,, and the
axle-group factor Psfor closely spaced truck wheels. For the
same bridge used in Section 3.4.2.6 above in the illustration
example, the probability of failure (reaching the end of ser-
vicelife) is calculated for three cases of the dynamic impact
factor valuel, asfollows.

Probability of Deck

Dynamic I mpact Life Exhausted

Factor | in Next 20 Years
1.25 0.279
1.20 (reference) 0.335
1.35 0.407

The reference case is that shown in the illustration example
above, using the recommended value of 1.2 for |. That value
isgiveninthe AASHTO code (1990). It is seen that dynamic

Copyright National Academy of Sciences. All rights reserved.
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impact factor plays an important role in the resulting proba-
bility of failure, using Eq. 3.4.2.7 for cost estimation.

Furthermore, the following results show the effects of the
average number of axles per truck Cyin Eq. 3.4.2.1. Thisfac-
tor directly affects the number of load cycles.

Average Number Probability of Deck
of Axle per Life Exhausted
Truck Cq in Next 20 Years
4.70 0.330

5.00 (reference) 0.335

5.30 0.340

Asseen, itseffect on the probability of failureismuch smaller
than that of the dynamic impact factor |. Thisisbecause | has
an exponent of 17.95. It followsthat the termswith this expo-
nent dominantly contribute to the uncertainty associated with
the service life. This observation indicates the importance of
determining the stress ratio P/P,, the dynamic impact 1, and
the axle-group factor Psin RC deck fatigue assessment. It
also indicates that appropriate wheel weight limits and their
enforcement are critical to RC deck servicelife.

3.4.4 Application of the Recommended
Procedure to a Network of Bridges

The Level 1l anaysis requires that the recommended
analysisof Eq. 3.4.2.1 be performed for every bridge deck in
the network. However, when this becomes excessively costly,
asampling approach isrecommended at Level I. Thelevel of
data requirement for this cost impact category isvery similar
to that for steel fatigue at the same level of data requirement
and detail. It requires detailed analysis for only asmall sam-
ple of bridge decks considered to be representative for the
entire population. The results for this sample will be used
then to project to the entire population.

Based on the sensitivity analysis discussed above, the
dominant factors are those included in the relative load term
raised to the 18" power. The exponent of 17.95 hereis equiv-
alent to the exponent of 3 for stedl fatigue. —1/17.95 and -1/3
are the slopes of the SN curves in the log-log scale respec-
tively for RC deck and steel fatigue. Graphically, a slope of
-1/17.95 means a much “flatter” straight line than one with
a-1/3 slope. Physically, it indicates that the relative stress
range P/P, is much more dominant or sensitive in life pre-
diction. In other words, asmall change in P/P, could cause a
large change in the number of stress cycles N. For example,
a 10 percent increase in P/P, could cause fatigue accumula-
tion increase by 453% (1.1 - 1 = 4.53), which will cause
the predicted life to reduce by 82 percent (1 — 1.1°Y%), In
contrast for stedl fatigue, the same amount of increasein the
stress range causes fatigue accumulation increase by only
33 percent (1.1% - 1 =0.33), and the predicted lifeis reduced
by only 25 percent (1 - 1.173). Thus, load is much more dom-

inant for RC deck fatigue accumulation. It also indicates the
importance of enforcement for wheel weight limits.

Accordingly, sampling the bridge deck population for Level
| analysis should take into account these characteristics of RC
deck fatigue. Sites with similar parameters as follows should
be grouped together in the sampling process. (1) Sites sub-
jected to heavy wheel loads (not necessarily GVW athough
wheel weights and GVW may be correlated to certain extent).
(2) Bridgesthat have arough road surface (perhapswith alow
condition rating) causing higher dynamic impact. (3) Decks
with alower thickness and/or lower concrete strength, result-
ing in alower P, and thus relatively high P/P,. (4) Bridges
with similar age (year built) may have similar deck designin
terms of thickness and materials. Thus, a bridge (or afew of
them) from the same group can well represent the group,
because they likely have similar deck thickness, concrete
strength, similar deterioration on the driving surface, etc. On
the other hand, traffic volume has become secondary, com-
pared with other factors related to the relative load. This has
been discussed above in the sensitivity analysis.

3.4.5 Limitation of the Recommended
Procedure and Future Research Work

It should be noted that the above recommended procedure
for RC deck fatigue assessment is still limited, dueto thelim-
ited data available and the present state of knowledge. The
limits are commented here, which may be used to appropri-
ately interpret the results and to determine future research.

1. Replacement after Overlay as a Responding Action

The recommended procedure addresses expected cost
impact for RC deck fatigue calibrated to the need for
concrete overlay. It seems that overlaying an RC deck
at |east once before replacing has been apopular choice
if not a routine practice. This makes sense when it is
realized that the deck’ slife span isusually shorter (some
times much shorter) than the life span of the supporting
beams. Based on this understanding, the first step of
treatment is often overlaying instead of replacement,
when the deck needs a significant renewal.

While deck replacement islisted asan option for cost
estimation in Section 3.4.2.4, replacement after one (or
more) concrete overlay(s) has not been included as a
possible option because there are no reliable data avail-
able to help quantify how an overlaid concrete layer
works with an old concrete deck. This approach of
ignoring the future replacement is conservative in pro-
ducing an under-estimate. Further, such a replacement
may not very likely take place within a typical PP of
20 yearsfor the statesthat use no or little salt because the
life spans of concrete overlay have been estimated
around 15 years in states subjected to high rebar corro-
sionratesdueto salt (Weyerset al. 1993, 1994), depend-
ing on the type of overlay material used. Thus, the
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extended end of deck life by concrete overlay isexpected
to be beyond the typical PP of 20 years. In other words,
within this default PP, the need will unlikely occur for
replacing an overlaid deck.

Furthermore, an approach to this issue of estimating
fatigue life for an overlaid deck is to assume that the
overlaid concrete perfectly bondsto the old concrete and
they form a monolithic deck. Further assuming that the
renewed deck had a concrete strength equal to that of the
new concrete. Then the recommended procedure in Eq.
3.4.2.1 can be applied to estimate the renewed life span
staring at the end of the old life span. This would over-
estimate the deck’ sfatigue strength and therefore under-
estimate the cost impact.

. Patching and Asphalt Overlay as Responding Action
Options

Patching (using cement concrete or asphalt concrete)
and then asphalt concrete overlay are considered “time
buyers’ without fundamentally improving the struc-
tural condition of the deck. Patching buys the agency
less time than the overlay. These measures are taken
often because the funds needed for a longer term solu-
tion are not available or other actions are not cost effec-
tive based on network-level considerations. Thus there
should be an option in the recommended methodol ogy
for the user to select patching or asphalt overlay if
desired. On the other hand, patching needs to be fol-
lowed by an overlay (using cement concrete or asphalt
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concrete), as expected to take place within atypical PP
of 20 years. After an asphalt-overlay isdone, there may
or may not be a need for deck replacement within the
PP. This possibility is not included as an option for a
conservative underestimation

. Interaction of Rebar Corrosion Dueto Salting and L oad

Related Fatigue

The interacting deterioration between steel reinforce-
ment corrosion and load-related RC fatigueisnot quan-
tified in the recommended procedure, because data are
not availablewith regard to the mechanism of suchinter-
action. The steel rebar corrosion has been recognized as
adominant deterioration mechanism for RC decksinthe
areas where alarge amount of salt is used in the winter
for de-icing. Thus it should be a decision of the user
whether steel rebar corrosion is significant for the con-
cerned bridge network. Fig. 3.10 shows a map indicat-
ing typical salt usage for the states, as a result of a
SHRP study (Weyer et al. 1994). The states are divided
into three groups, referred to as groups of minimal salt
usage, moderate salt usage, and severe salt usage. Based
on thismap, it is recommended that states with minimal
salt usage should include RC deck fatigue assessment
developed herein in their application of the recom-
mended methodology. Note that there may be exceptions
within these states, because salt usage is not uniform
even within astate. Also notethat in a state belonging to
the moderate or sever salt usage, there may be bridges

&
'

Figure3.10. Road salt usage in the United Sates (from Weyers et al., 1994).
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that have been subjected to much less salt than in the
rest of the state. These bridges should also be analyzed
for RC deck fatigue. The user of the recommended
methodology needs to make that decision according to
the jurisdiction specific or site specific data.

In addition, aconceptual model of interaction between
the two factorsis discussed below for future research.

3.4.6 Interaction Model of Fatigue Damage
and Salt-Induced Rebar Corrosion

Conceptually, corrosion may causevolumeincrease of steel
rebars and thus concrete cracking. This can worsen thefatigue
process and increase the rate of damage accumulation. Vice
versa, fatigue damage (concrete cracking) may also worsen
the damage caused by rebar corrosion. Both situations can
adversely change the service life of RC decks.

Accordingly, amodel for the interaction is discussed here
between load-induced fatigue and salt-induced corrosion in
RC deck deterioration. A general format of the model is pro-
posed first, with its rationality presented. In the following
section, two major quantities, servicelives subjected to load-
induced fatigue or slat-induced corrosion only, are further
elaborated including the concept of determining these quan-
tities. Then the types of data needed are discussed to fully
develop the interaction model. It is suggested that a separate
data collection effort needs to be designed and carried out to
accomplish this.

3.4.6.1 General Format of Interaction
Prediction Mode

A literature review was conducted in this task to identify
candidate modelsfor describing the interaction focused here.
As aresult, no models were found in the literature directly
related to the subject of interaction between load-induced
fatigue and salt-induced corrosion in RC deck deterioration.
Furthermore, no research work was found in the literature
that investigated the interactive chemical and physical mech-
anisms, except that general observation wasreported that RC
decks deteriorate at a higher rate when both salting and | oad-
ing become severer or either one of them becomes severer.

Note that research efforts have been reported in the litera-
ture on load-induced fatigue a one, including the influence of
presence of water (e.g., Perdikariset a. 1993 and Matsui and
Y onhee 1993). In addition, research was also done on salt-
induced corrosion in RC decks (e.g., Weyers et al. 1993).
However, the deterioration prediction model proposed by
Weyerset al. was calibrated using datafrom decksin service
condition, apparently also subjected to truck load. Further-
more, these bridges’ identification was not reported nor were
thetruck loads and their volume, so that further tracking back
becomes very difficult if not impossible. Although these

available data do not meet all the requirements for this task
of study interaction, researchers still use this current knowl-
edge here in devel oping the interaction model concept.

Onthe other hand, in structural engineering practice, there
have been satisfactory interaction models for, for example,
interaction between moment and axia load effects to
columns and between shear and moment to beams. These
interaction modelswere devel oped using statistical concepts.
Namely, statistical fitting was used in the model develop-
ment to determine the best fitting parameters for pre-deter-
mined functions using physical testing data. These models
are considered in this effort of developing the interaction
model.

Based on this state of the art, a statistical approach is pro-
posed here for modeling the focused interaction between load
and corrosion, as opposed to physical and chemical descrip-
tion of the microscopic deterioration process for RC decks.
This approach can be described using the following equation
to indicate adeck’s end of servicelife:

DACf  DACf _
oY, 0 + ov.0 - 1 (34.6.2)
where A isthe deck’s current age (in years). Yq and Y, are the
predicted servicelives (in years) respectively considering load
fatigue and rebar corrosion dueto salting only. The exponents
aandbin Eq. 3.4.6.1 aremodel parameters. They are always
positive. When the left hand side of the formulais equal to
or larger than 1, the end of servicelifeisreached. Whenitis
lessthan 1, the service life has not been exhausted. Thus Eq.
3.4.6.1 indicates the surface of the deck’s failure in a space
of two dimensions—one for load-induced fatigue and the
other for salt-induced rebar corrosion.

Figs. 3.11 to 3.13 show three examples of thiskind of sur-
faces. Fig. 3.11isfora=b=1, Fig. 3.12fora=b =3, and
Fig. 3.13for a=b = 0.6. They show that when aand b are 1,
Eq. 3.4.6.1 isalinear function in the space of A/Y 4 and A/Y..
When aand b are larger than 1, the surface of Eq. 3.4.6.1 is
convex away from the origin (Fig. 3.12). When aand b are
smaller than 1, it is concave to the origin (Fig. 3.13).

- @

0 0.5
AlYd

Figure3.11. Interaction model fora=1andb=1.

Copyright National Academy of Sciences. All rights reserved.
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Figure3.12. Interaction model fora=3and b= 3.

When one of the two failure mechanismsis considered to
beirrelevant (i.e., having littleinfluence), the respective ser-
vice life can be accordingly set to infinity. Thus the model
shows, mathematically, zero influence from that failure mech-
anism. For example, in areas where rebar corrosion due to
sdlting is not significant (e.g., where no salting is ever per-
formed), Y. can be set to infinity. Thus A/Y. is set equal to
zero. The model becomes
DA _ A _ 3462
.0 " 1 or Y, " 1 ( )
to indicate end of service life. On the other hand, when load
fatigue is deemed to be irrelevant (e.g., in areas where an
extremely large amount of salt is used for deicing). Y, can be
viewed to beinfinitely large so that A/Y 4 can be set equal to 0.
The model then becomes

DA[F—l o 2=

il Y. (3.4.6.3)

to mark the end of servicelife.

3.4.6.2 Estimation of Yd and Yc

According to the above discussion, Yy in Eq. 3.4.6.1isthe
deck’s service life under load fatigue only. Y. is the deck’s

.
.
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.
0 ' e am
0 0.5 1
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Figure3.13. Interaction model for a=0.6 and b = 0.6.
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service life subjected to rebar-corrosion due to salting only.
Thisproject has developed amodel to estimate Y, asfollows:

Kde A-1
Cy(RyIPPIR,y7ss LT W) +1H (34.2.1b)
log(1+ u)

Yq =log

This formula has been given earlier using the same identifi-
cationin Section 3.4.2. The symbols have been defined there.
Itislisted here for convenience.

On the other hand, estimation for Y. remains to be a sub-
ject of research. The latest comprehensive research work on
relevant issues perhapsis (Weyers et al 1993) completed in
the SHRP program. That project developed amodel for esti-
mating Y.. However, the data used to determine the model
parameters were not differentiated according to what and
how much truck load had been applied to the decks that pro-
vided performance data. Thus, data from better controlled
experiments are needed to compl ete the development of the
model for Y, for the purpose here.

3.4.6.3 The Need for Data to Complete
Development of the Model in Eq. 3.4.6.1

Themodel parametersin Eg. 3.4.6.1 (exponentsaand b, and
other parametersin Yy and Y) may be caibrated using statis-
tical techniques applied to dataof deck deterioration subjected
to load-induced fatigue and salt-induced corrosion. Ideadly,
both laboratory and in-service data are needed which describe
deck deterioration. The former refers to those obtained in the
laboratory and the latter in the service condition for decks
that have reached end of service life, i.e., have experienced
renewal work, such as patching, overlay, or replacement.
Laboratory experiments can provide data on deck deteriora-
tion in a controlled environment. Data from decksin service
can include factors that the laboratory experiments cannot
cover, such as temperature and humidity fluctuation.

With respect to truck load and salting, three types of data
are needed to fully develop the interaction model. They are
deck deterioration history data (1) under load fatigue only,
(2) under salt-induced rebar corrosion only, and (3) under
different severity combinations of both load fatigue and salt-
induced corrosion.

Thefirst and second types of environment conditions can
provide data to determine the modelsto predict Yyand Y. in
Eqg. 3.4.6.1, respectively. Note that Y4 and Y, are defined
above asthe serviceliveswithout the other deteriorating fac-
tor. In other words, they provide data points for areas where
AlYyiscloseto 1 and A/Y. is close to zero, and vice versa
AlYyiscloseto zero and A/Y.iscloseto 1.

The data under the third type of environment can be used
to determinethe model parameters (exponents) aand bin Eq.
3.4.6.1. They mainly describe which factor (load-induced
fatigue or salt-induced corrosion) is more dominant in which
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regions. They will provide data points to guide the surface’s
trend in Figs. 3.11 to 3.15 between the two points (A/Y4 =1,
AlY.=0)and (A/Y4=0,AlY.=1). Fig. 3.14 showsan exam-
ple of the failure surface witha= 0.2 and b = 8. It displays
aconcave trend when A/Y, is small and convex when A/Yy
islarger and closer to 1. Thiswould be suitable for a behav-
ior of dominant influence from load-induced fatigue. In
other words, this case indicates relatively less influencing
salt-induced corrosion. For comparison, Fig. 3.15 shows an
opposite situation with salt-induced corrosion more domi-
nant and thus the exponents a and b have their values
switchedasa=8and b =0.2.

The first type of data used in this project was from
Perdikaris et al. (1993) in the laboratory condition and from
several state DOTSs for the in-service condition. They were
used to develop the model in Eq. 3.4.2.1 to estimate Y.

For the second and third types of data, the researchers have
tried to use data gathered in Weyers et a. (1993) to complete
amodel for Y. Ascommented on above, unfortunately, these
data do not have the bridge deck identified and truck load
recorded. The researchers also contacted several DOTs and
researchers experienced in this area, the following difficulties
were encountered in the order of significance.

1. Sdtusageisusualy not recorded. The best dataretriev-
able were based on very “rough” estimation.

2. WIM truck wheel weight data are not available for
specific bridge decks (i.e., those that experienced
renewal work).

Furthermore, no laboratory data were found in the litera-
ture or other sources for the second and third types of data.
These data points should be in the region where A/Yy is not
closeto 1in Figs. 3.11 to 3.15 and A/Y, varies from almost
zeroto 1.

Therefore, it isrecommended that |aboratory experiments
and field data collection be designed specifically for the pur-
pose of developing the subject interaction model. It appears
that gathering data from efforts with other research purposes
will not meet the need here.
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Figure3.14. Interaction model for a=0.2and b =8.
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Figure3.15. Interaction model for a=8and b=0.2.

3.5 DEFICIENCY DUE TO OVERSTRESS
FOR EXISTING BRIDGES

3.5.1 Level | Analysis

The concept of overstress criteria recommended here is

consistent with that employed by state transportation agen-
cies, based onthe AASHTO load rating procedure. Namely,
for a specific truck, if a bridge's rating factor is below
1.0, the bridge is considered to be overstressed for that
truck. Typicaly, load rating requires detailed structure
analysis, which would be resource consuming if every
bridge needed to be analyzed in alarge network. A conser-
vative approach is adopted in the recommended methodol -
ogy for Level | analysis, to reduce the amount of work
needed for re-rating every bridge. It usesthe existing rating
factor as follows:
RFAS = RFBC(l\/I BC, rating vehicle/,\/I AS, rating vehicle)/A Frating (3511)
where RF,s is the rating factor for the Alternative Scenario.
RFgc istherating factor for the Base Case (likely the existing
rating factor). Mg raingvenide/M as, ratingvenice 1S the rétio between
the maximum moments due to the rating vehicle under the
Base Case and due to the new rating vehicle under the Alter-
native Scenario. When continuous spans are analyzed, thisis
the maximum ratio of those for al critical sections. Thisratio
should not be larger than 1, otherwise it is set at 1. Thisis
because when this ratio is larger than 1, it means that the
moment effect of the new rating vehicle is smaller than that
of the current rating vehicle. Thus, the new vehicleload effect
would not govern in the process of load rating. Generic spans
(without specific details from the plans) may be used to find
these moment ratios for the interested spans. AF4ing is the
ratio between the live load factors for the Base Case and the
Alternative Scenario, according to Eq. 2.3.3.1:

AF ing = [2Ws + 1L.A1t(ADTTas) 03 /[2Wic

+ 1LALt(ADTT0) 05d (35.1.2)

Copyright National Academy of Sciences. All rights reserved.
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where W* and o* are the mean and standard deviation of the
top 20 percent of the TWH, and tisafunction of annual daily
truck traffic (ADTT) asgivenin Section A-3in Appendix A.
Subscripts gs and s respectively refer to the Base Case and
the Alternative Scenario. The ADTT data for the Base Case
can be taken from the agency’ s bridge inventory or the NBI
according to the functional class of the roadway that the
bridge carries. The ADTT for the Alternative Scenario results
from the prediction for future TWH using the recommended
method presented in Section 2.4. Eq. 3.5.1.2 also indicates
that thisratio of load factors should not belessthan 1. In case
the calculated value of theratio isindeed lessthan 1, then it
isset equal to 1. Thisis because the new safety factor would
not be lower than then current load factor for the purpose of
cost estimation here.

In Eq 35111 MBC, rating vehicle/MAS, rating vehicle reﬂeCtS the
adjustment to rating due to the new truck model. As dis-
cussed earlier in Chapter 2, the new truck model should rep-
resent the practical maximum truck loads under the Alter-
native Scenario. It is envisioned that determining this
model would not be difficult at a state agency, using avail-
able expertise in both areas of bridge structures and trans-
portation planning. The adjustment factor AFing iS the
ratio of the live load factors discussed in Section 2.3.3.2.
The adjustment covers uncertainty changesin truck weight
spectra, expected to result from the considered Alternative
Scenario.

For cost estimation, those bridgesthat are inadequate with
RFgc < 1 under the Base Case should be excluded, because
they do not contribute to the cost impact (additional costs).
When a bridge is found to be inadequate or overstressed
under the Alternative Scenario but adequate under the Base
Case (RFgc >1 and RF,s < 1), an action needs to be selected
asthe basisfor cost estimation. It can be, for example, post-
ing, strengthening, replacing, or acombination thereof. Note
that, in reality, the decision-making process requires infor-
mation on anumber of other factors. Such information may
not be available when an application of the methodology is
conducted. For example, whether this bridge is on a road
that has several other bridges needing repair at the sametime
can be such information. Thus, this decision is to be made
by the user with available information as well as engineer-
ing judgment.

3.5.2 Level Il Analysis

Thislevel of analysis requires more data and more analy-
sis effort. It requires re-rating every bridge in the network
using the rating truck model under the Alternative Scenario.
Then the resulting rating factor is modified as follows to
arrive at the rating factor for the Alternative Scenario:
(35.1.3)

RFAS = RFBC, using ASrating vehicle/A Frati ng
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where RFgc, ysing asraiing venicie IS the rating factor using the new
truck model under the Alternative Scenario and the live load
factor under the Base Case. Comparison of Egs. 3.5.1.3 and
3.5.1.1 indicates that the Level Il analysis requires a bridge-
by-bridge approach for re-rating, using the new rating vehi-
cleunder the Alternative Scenario. The exact critical sections
will be identified and used in this process. It increases the
accuracy of the result but possibly requires a larger amount
of analysiswork, if the network is extensive.

3.6 DEFICIENCY DUE TO OVERSTRESS FOR
NEW BRIDGES

As discussed in Section 2.3.4, the bridge design load is
required to statistically envelope current and futuretruck loads
over the expected life spans of the bridgesto be designed. The
design load needs to be updated when a significant percent-
age of the trucks are to change in terms of their weight dis-
tribution and total weight. This is typically expected when
the considered Alternative Scenario is to legalize certain
types of trucks or to permit routine overweight trucks with-
out controlling the number of tripsthey may make. Of course
the degree of impact depends on the nature of the Alternative
Scenario. Eq. 2.3.4.1 indicates that this can be quantified
using the mean and standard deviation of the top 20 percent
of the TWH.

When the design load is changed, new bridges will cost
differently from those under the old design load. This con-
tributes to the cost impact under this category. The recom-
mended methodology uses the concept of incremental cost
allocation (Saklas 1998). This approach attributesincremen-
tal costs to respective groups of vehicles that trigger the
increments. Accordingly, the considered Alternative Scenario
isviewed responsiblefor theincremental costs herefor anew
design load.

Asin the cost impact category for deficient exiting bridges,
a new truck model needs to be determined which is able to
cover the practically possible legal or permissible vehicles.
This can be the practical maximum vehicle under the Alter-
native Scenario. A similar approach to that used in Cost
Impact Category 3 for deficient existing bridges can be used
to determine this model. It may consist of several vehicles,
depending on the considered Alternative Scenario.

The second step for this category isto generate the TWH
for the entire network under the Base Case, and then predict
the TWH for the network under the Alternative Scenario.
Thesetwo TWHswill be used below to determine aliveload
factor ratio as part of the new design load. For astate agency,
these TWHSs should usually be representative for the entire
state, not site specific or functional class specific as in Cost
Impact Category 3, because, most likely the live load factor
for design is uniform for the entire state. An exception may
be that certain local bridges are considered not subject to
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general heavy loads and higher truck traffic and therefore a
lower design load is justifiable.

3.6.1 Level | Analysis

At thislevel of data requirement and the related amount
of analysis, new bridges constructed in recent years are
used to estimate the costs that are expected if the considered
Alternative Scenario is implemented. This analysis will
require the following further steps: (1) Identify the new
bridges constructed in the past Q years. Q needsto be deter-
mined with consideration to the number of new bridges to
be included. (2) Estimate the required design load for each
of these bridges under the Alternative scenario. (3) Esti-
mate the additional costsfor each of these bridges under the
new design load.

Step (1) is feasible using the agency’s bridge inventory
or the NBI as the default database, where the year built is
recorded for each bridge in the system. Q, the number of
years the analysis should track back largely depends on the
number of bridges to be included. When a large number of
bridges belong to this group for a relatively large network,
fewer years may be used for asmall Q. In contrast, if asmall
number of bridges were typically constructed in each year, a
larger number of years would be desired to arrive at areli-
able annual cost for new bridges. Thus Q may need to be
determined by iteration combined with the sensitivity analy-
sisto be discussed below.

Step (2) isto be accomplished using the following formula
for the amount of design load change:

DL CF = (Mas esign vehicte/ Mg design venicie) A Faesign (3.6.11)
M s design vehicle/M g design venicte > 1 (36.1.2)
AFgesign = (2W2is + 6.90%x9) /(2WEc + 6.9050)

AFgesign > 1 (3.6.1.3)

where DL CF stands for design load change factor indicating
the ratio between the design loads under the Base Case and
the Alternative Scenario. MAS, design vehicle/M BC, design vehicle isthe
ratio of the maximum moments due to the design vehicle
under the Base Case and the same under the Alternative Sce-
nario. Practically, it should not belower than 1. Namely, when
MASdesjgn vehicle is smaller than M BC design vehicles the deS|gn vehi-
cle under the Base Case would be the governing load and the
ratio should betaken as1in Eq. 3.6.1.2. Thiswill assure that
the new design load will not be lower than the current design
load. AFgesqn IS the ratio between the live load factors under
the Base Case and the Alternative Scenario. It is an adjust-
ment factor for design used to cover the change in uncer-
tainty associated with the considered Alternative Scenario. It

plays a similar role as AF4ingin Eq. 3.5.1.2 for additional
deficiency in existing bridges.

InLevel | andysis, the AASHTO HSload isassumed to be
the design load for the current norm of design load, although
the HL93 has been adopted in the AASHTO LRFD design
specifications (1998). It is because the HS load has been the
design load for many bridgesin service today, which provide
the data needed to project to future bridges. One of the
important sets of data hereisthe cost increase datafor design
loads beyond the HS-20. The default Data Set A-5.2.7 in
Appendix A refers to HS-20 as the reference for possibly
higher design loads. No such data are found available refer-
ring to the HL93. Thus Step (3) of thisanalysisisto compare
the design load under the Alternative Scenario with that under
the Base Case with reference to the HS load. This can be done
using the DLCF resulting from Eq. 3.6.1.1, which is the mul-
tiples of the new design load compared with the Base Case
design load. Appendix A includes cost data for additional
design load with reference to HS-20 in Data Set A-5.2.7 in
Appendix A. They can be used as the default data if more
specific data are not available. Note that these data may be
used to extrapolate to situations where the design load is
beyond the ranges given there, as appropriate.

3.6.2 Level Il Analysis

The recommended methodology at this level of analysis
requires information about every individual bridgein the net-
work. First of all, the new bridges to be constructed need to
be identified using more specific information than the bridge
inventory. Such information could include, but not be limited
to, the agency’ scapital program for the next several years, the
agency’s long term plan for expenditure and candidates for
new construction and replacement for the next 5 or 10 years.

Next, the configurations of these future new bridges need
to be identified. This information is needed to perform the
analysis defined in Eg. 3.6.1.1 to 3.6.1.3. Note that this
analysis can be more accurate if more details about the con-
figurations can be provided by the agency. Therest of analy-
sis for the Level 11 requirement will be identical to that for
the Level | requirement.

3.6.3 Sensitivity Analysis

The following parameters may need examination at the
stage of sensitivity analysis. (1) Thewindow parameters used
in the TWH prediction method for the Alternative Scenario,
defined in Fig. 3.1. (2) The bridge sample identified, if a
Level | analysisisperformed. More years of record of recent
new bridges in the network may be included and averaged
to produce an annual cost for this category of cost impact.
(3) Possible increase of available resources due to economic
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growth that result in more new bridges to be built. This may
be covered at the network level by agrowth factor to thetotal
costs obtained.

3.7 TOTAL COST-IMPACT CALCULATION

When all the four cost-impact categories are covered using
the concept described in this chapter, individual contributions
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from these categories need to be summarized to find the total
cost. The summation process should use the principles of
engineering economics. A discount rate will need to be pre-
determined for this purpose, which could be one of the factors
subjected to sensitivity analysis. It is recommended that all
costs be converted to the same format of expression. Options
of thisuniform format may be present worth, annual costsfor
the next PP years, etc. Note that these different forms are
equivalent with a discount rate consistently included.
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CHAPTER 4
CONCLUSIONS

This research project devel oped the recommended method-
ology for estimating bridge network costs as aresult of truck
weight limit changes. A software module implementing the
methodology has also been developed. This methodology’s
targeted users are state transportation agenciesin the United
States. However, federal and local agencies may also find it
useful. Four cost impact categories are covered in thismethod-
ology, because their cost impact is found to be quantifiable
based on the current state of knowledge. However, when the
agency wishes to add other cost impact categories based on
its experience, the recommended methodology and the soft-
ware have aflexible structure to accept such an addition. Thus,
the recommended methodology can beimproved with increase
of knowledge in related areas. The methodology has been
designed to be flexible to meet the needs of various agencies,
intermsof itsrequired datainput. A set of default dataisalso
provided to facilitate application.

The procedure of the recommended methodology is pre-
sented in Appendix A along with aset of default data, and the
concept of the methodology is presented in Chapter 3. Two
application examples of the methodology are presented in
Appendix B for illustration. The attachments include the soft-
ware moduleand itsusersmanual, which can stand alonewith-
out thisreport for routine application. The manual hasachap-
ter of tutorial including Scenario 2 of the Idaho example and
the Michigan example, asillustration examples.

The following conclusions can be drawn based on the
results of this research effort.

1. Based on the two examples of application for the rec-
ommended methodology and previous research results,
the cost impact category for deficient existing bridgesis
likely the dominant contributor to the total cost impact
of a change in truck weight limits. This is mainly
because there are no general effective methods to
strengthen existing bridges for increasing the load rat-

ings. The possible options of replacement and posting
plus enforcement both could be costly.

. Thecurrent AASHTO fatiguetruck model isfoundvalid

based on the current WIM data used. The model can be
still valid under the considered scenario of legalizing
the 3S3 configuration for a GVW of 431 kN (97 kips)
because the envisioned 3S3 configurations are similar to
the AASHTO fatiguetruck model. Thusthis conclusion
can be extended to that if the considered scenario legal-
izes truck types similar to the AASHTO truck model
(i.e., typical 3S2 configurations); that model would still
be valid for steel fatigue assessment.

. Themodels for assessing structural material fatigue (for

both steel components and reinforced concrete decks)
have more uncertainty than the strength ng mod-
els. Essentially it isbecausefatigue accumulation largely
depends on microscopic original discontinuities and
acquired damages, which are randomly distributed in
location and severity. Predicting failure originating from
such sources is inherently involved with notable uncer-
tainty. Thus, more research work is recommended to
reduce the uncertainty in the modeling and prediction.
Such effort should focus on modeling loading, because
it plays a dominant role, due to the load’s higher pow-
ered term (cubic power for steel fatigue and the close to
18th power for the reinforced concrete deck fatigue).
This aso includes predicting the available strength of
the materia (e.g., shear capacity Pu for RC decks), the
stress range for steel members subjected to out-of-plane
bending, etc.

. Wheel loads have avery significant effect on RC deck

fatigue accumulation, according to the fatigue model
introduced herein. This result has important implica-
tionsto wheel load limit development and enforcement.
Moreresearch isrecommended to better understand the
mechanism of RC deck deterioration due to combined
efforts of load and steel corrosion.
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APPENDIX B TWO APPLICATION EXAMPLESOF THE
RECOMMENDED METHODOLOGY FOR ESTIMATING
BRIDGE NETWORK COSTSDUE TO TRUCK WEIGHT
LIMIT CHANGES

Two examples are presented in this appendix for illustrating application of the
methodology in Appendix A. The first example is an application to two routes in Idaho,
and the second one to the entire state of Michigan. The levels of detail for these
examples were selected with consideration to the time and cost constraints for the project.
They may or may not represent the same levels of detail that the respective agencies
would take when applying the methodology. In redlity, this level of detail is determined
based on available resources for the task. However, these examples illustrate typical
steps that would be taken to accomplish the task of estimating bridge network costs
resulting from truck weight limit changes. These steps follow the procedure presented in
Appendix A, using some of the default data included there. More background
information for the recommended methodology is presented in Chapter 3 of this report.
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B-1. Theldaho Example

This example is to estimate the cost impact for highway bridges in the State of
Idaho due to aweight limit increase for permit loads. This change includes lifting the cap
on the bridge formula from 467 kN (105 kips) to 574 kN (129 kips). Note that the bridge
formulais still effective with the up limit increased.

The following three scenarios of impact extent have been investigated in this
example. (1) The cost impact for the bridges on two routes under the experimented
regulation (i.e., the new regulation is applicable to only these two routes). These two
routes are indicated in Fig. B-1.1.1. An annua permit is needed for trucking under this
new regulation. This regulation has been experimented on the two routes from July 1998
to June 2000. It is referred to as the pilot project, and the routes as the pilot routes
hereafter in this report. (2) The cost impact on the same bridges under the same
regulation but hypothetically applicable to the entire state. It is assumed that the permit
regulation also applies. (3) The cost impact on the same bridges under a regulation
legalizing the new cap of 574 kN (129 kips). These scenarios are respectively referred to
as Scenarios 1, 2, and 3 in this appendix.

For Scenario 1, the weight limit change is effective only for the two routes. Thus,
most likely not all truckers would take advantage of it, because it requires some
investment in new vehicles for those truckers who do not have the permissible trucks
with more axles and longer axle distances. In addition, the relevant state legislation had a
clearly defined two-year effective period. It can be therefore challenging to fully predict
the effect of this weight limit change, because only a section of the trucking industry
responded to the new and short-lived regulation. Since weigh-in-motion (WIM) data
have been collected from on of the routes before and after the implementation of the
weight limit change, these data are used below for cost estimation for this scenario.

Scenario 2 assumes that the considered weight limit change is implemented in the
entire state, athough only those bridges on the pilot routes are of interest for cost
estimation. Thus, it isassumed that the effect of this new weight limit is fully devel oped.
Shifting of truck traffic is assumed to be as follows. 1) The traffic of type CT5 trucks
with two boxes will be subject to shifting to triples TRP. 2) The traffic of type DS7 will
still stay in the same type, but with its GVW limit increased to 512 kN (115 kips). 3) The
traffic of type DS8 will be subject to shifting to a vehicle type shown in Fig. B-1.3.1,
whose up limit is 574 kN (129 kips). The Idaho Transportation Department (ITD)
developed this vehicle and the other in the same figure. These vehicles were envisioned
to be the practical maximum loads at the two GVW levels under the new regulation.

For Scenario 3, it is assumed that the traffic of 5-axle truck types (Types 3S2T
and 3S2S according to the FHWA definition) subject to current legal weight limit of 80
kips will change their behavior and shift to truck types that allow heavier GVW under the
new regulation. This assumption is based on the scenario definition that the 129 kip limit
will be legalized statewide. In addition, the shifting of truck typesincluded in Scenario 2

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21956

Effect of Truck Weight on Bridge Network Costs

is adso assumed to take place here in this scenario, because Scenario 3 actually
encompasses Scenario 2.

Since it is not absolutely certain which new truck types will receive the traffic of
the 5 axle trucks (3S2T and 3S2S), the Scenario 3 analysis uses two extreme cases to
provide an upper and alower bound for the impact costs. The first extreme case assumes
that 5-axle trucks will shift to a 9-axle configuration with a maximum GVW of 467 kN
(105 kips), asshownin Fig. B-1.3.1. Thisisthe current maximum GVW for permit load,
which has been available. If a5-axle truck does not take that option in current operation,
it would at least take this option under the new regulation of Scenario 3 being considered
here, provided that the truck traffic will indeed shift. Thus, this truck load is considered
the lower bound for shifted truck loads. The other extreme case assumes that the 5-axle
trucks will shift to a 10-axle configuration with a maximum GVW of 574 kN (129 kips),
also shown in Fig. B-1.3.1. This truck load represents an upper bound for new truck
loads, because this is the highest load allowed in the considered scenario of new
regulation. Both truck models were provided by ITD, as aresult of their effort to identify
the impact of the considered truck weight limit change.

In this example, a 20-year planning period is assumed (PP=20 years). Namely,
impacts (such as fatigue failure) will be included in the estimation only if they are
expected to take place within 20 years from 1998 when Scenario 1 started to be effective.
Namely, the Base Case (BC) refers to 1998 before Scenario 1 was implemented and the
Alternative Scenario (AS) is the condition after the considered truck weight limit change
is effective.

It may be of interest to note that a 20-year period is typicaly used in
transportation planning. The planning period should be a user-input in application of the
recommended methodology. It is perhaps important to realize that significantly longer
planning periods may not be recommended because uncertainty associated with the input
data could become large and thereby adversely affect the reliability of the final result.
For example, such uncertainty may be associated with predicting the growth of economy
that affects the truck traffic volume.

B-1.1 Cost Impact Category 1. Steel Fatigue
1. Identify possibly vulnerable (possibly impacted) bridges

For this cost impact category, it is possible to perform a Level |1 analysis, because
the number of bridges to be impacted is not very large. Using the database of 1TD, atotal
of 7 steel bridges (besides 2 steel culverts) were identified to be on the two pilot routes
shown in Fig. B-1.1.1, considered to be possibly vulnerable. Vulnerable bridges are
defined here as those that may have E and E’ fatigue category details. (Note that
agencies may add other fatigue categories when applying the recommended
methodology, if adequate information is available to enable reasonable estimation for the
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remaining lives under the Base Case and the Alternative Scenario and associated cost
impacts.) Theidentified bridges for this category are listed below.

ID Span type Structure Type Y ear Built
12560 Continuous  Rolled beams 1980
12565 Continuous  Rolled beams 1980
13705 Simple Truss 1949
14520 Continuous  Plate girders 1966
15220 Simple Rolled beams 1956
16641 Continuous  Plate girders 1995
17570 Simple Rolled beams 1956

Using available plans, each of these bridges was examined to identify E and E’
details. As a result, only one bridge (N0.14520) was identified to have fatigue prone
details of category E --- horizontal longitudina web stiffeners ending at a transverse
stiffener and close to the bottom flange. The other rolled beam bridges have severdl
welded connections with stronger fatigue strength than E and E’. It also appears that the
recently built plate-girder bridge (N0.16641 built in 1995) has been carefully designed in
avoiding details with low fatigue strength. (Note that once this bridge-by-bridge
examination is complete for the network, the results can be used in future application
analyses for other Alternative Scenarios. In other words, this identification of impacted
bridges need to be done only once for a network. Also note that this indeed has been
done in some state agencies in the country, such as the New York State Department of
Transportation.)

2. Estimate the truck weight histograms and truck volumes for both the Base Case and the
Alternative Scenarios for the impacted bridge.

Scenario 1: Practiced situation of lifted GVW limit applicable to only the pilot routes

Note that this scenario was actually implemented. It is a situation where the
weight limit isincreased for a small group of large and heavy trucks (annual permits) on
two specific routes. Legaly, the trucks hauling the newly permitted overweight may be
used for other trips on other routes at legal or permit weights, provided that they meet
other applicable requirements. For example, a triple truck can be easily changed to a
double and haul a different legal weight which does not need a permit. This kind of
situation can make it difficult to predict trucking behavior.

Nevertheless, WIM data were found available for the Base Case (before the
weight limit change) and the Alternative Scenario (after the weight limit change) for an
impacted site. The WIM station happens to be right on one of the routes and about 25
miles away from the impacted bridge, as shown in Fig. B-1.1.2.

Scenario 2: Hypothetical situation of lifted GVW limit applicable to entire state
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The Base Case TWH for Scenario 2 is generated using the FHWA VMT data
(recommended as the default Base Case data whose sample is shown in Data Set A-5.2.1
of Appendix A). Theload shifting method presented in Section A-5.1.1 of Appendix A is
then applied. The equivalent AASHTO fatigue truck weight Wy (according to the
AASHTO Guide Specs for Fatigue Evaluation of Existing Steel Bridges, 1990) was
calculated as follows for both Scenarios 1 and 2.

Wegv in kKN(Kips) Wegv in kKN(Kips)

Scenario 1 Scenario 2

(practiced) (129 kip-cap for entire state)
Base Case 302(67.8) 317(71.3)
Alternative Scenario 313(70.4) 325(73.0)

Note that the WIM data used for the Bases Case of Scenario 1 include 8,651
trucks recorded in October 1997. Those for its Alternative Scenario include 10,170 and
14,323 trucks respectively recorded in October of 1998 and 1999 after the weight limit
change was implemented. Weq, for the Scenario 1's Alternative Scenario (313 kN or
70.4 kips) is the average of two Wey,'s respectively based on the two TWH for 1998 and
1999 (315 and 313 kN or 70.9 and 69.9 kips). Fig. B-1.1.3 shows the TWH for these
years for comparison. It is seen that 1998 and 1999 data show increase of heavier truck
traffic. To display this increase more clearly, Fig. B-1.1.4 shows percentage changes in
the 1998 and 1999 data from the 1997 data. When the 1997 data are zero for weights
higher than 800 kN (180 kips), the percentage change is supposed to be infinity but is
replaced by 2000% for indication. It is seen that, in the range of 700 to 800 kN (157 to
180 kips), heavy truck traffic has been increased at least by 250%. Apparently much
heavier trucks were traveling on these routes, as a result of the truck weight limit change.

It is also interesting to note that in the area of GVW 350 to 525 kN (79 to 118
kips) in Fig. B-1.1.3, the 1998 and 1999 truck traffic has been reduced from the 1997
level. This is due to the effect of load “shifting” from lighter trucks to heavier trucks.
Thus, more heavier trucks and fewer lighter trucks traveled on these routes when the new
regulation was experimented. The mid-point of this weight range is 437.5 kN (98 kips),
which is close to the origina GVW cap of 467 kKN (105 kips). It is also where the
percentage decrease (negative change) reaches the maximum (-48% and —24%
respectively for 1999 and 1998), as shown in Fig. B-1.1.4. It appears that Scenario 1 of
lifting GVW limit from 467 kN (105 kips) to 574 kN (129 kips) has effected a well
observable increase in truck operating weight.

More importantly, this observed truck-weight increase is not consistent with the
fact that only three trucking companies have been issued special permit under the pilot
project (i.e., the new regulation). These companies registered for 8 vehicles --- 4 for
GVW of 516 kN (115 kips) and 4 for 574 kN (129 kips). According to their travel logs
filed with ITD as required, these permit trucks have not traveled extensively. Actualy,
one of these trucks has traveled only about 500 loaded miles from July 1998 to end of
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1999, according to the filed record and the research contractor’s conversation with the
trucker.

Scenario 3: Hypothetical situation of lifted GVW limit legalized in entire state

The Base Case TWH for Scenario 3 is the same as that for Scenario 2, generated
using the FHWA VMT data. The same load shifting method was used here, as presented
in Section A-5.1.1 of Appendix A. The equivalent AASHTO fatigue truck weight Weqy
(according to the AASHTO Manual for Condition Evaluation of Bridges, 1994) was
calculated as follows for both the lower bound and the upper bound cases. They show a
clear increase in the fatigue load.

Weqy in KN(Kips) Weqy in KN(Kips)
Scenario 3 lower bound Scenario 3 upper bound
(205 Kip truck) (129 Kip truck)

Base Case 317(71.3) 317(71.3)

Alternative Scenario 350(78.7) 373(83.8)

3. Estimate the mean and safe remaining lives for both the Base Case and the Alternative
Scenario.

It is found that the infinite life requirement of the AASHTO specs is not met.
Thus, finite remaining lives are calculated as shown in Table B-1.1.1. It should be noted
that the AASHTO estimation method for the total number of stress cycles represents an
approximation. It may lead to both over- and under-estimates, as discussed in Section
3.2. The above results were obtained using an explicit approach presented in Section 3.3
of this report, instead of the AASHTO approach. The calculation is based on a traffic
growth rate of 1.95%, which is estimated using current AADT and future AADT
recorded in the NBI. These long remaining lives are mainly due to very low truck traffic
volume (ADTT=488 for 2-way and 2-lane), using data provided by the NBI as the default
database.

4. Sdect responding action and estimate costs
Note that a 20-year planning period (PP=20 years) has been selected. Thus, only
impacts within 20 years are included to contribute to the total impact costs. Based on
these remaining lives, no preventive measure (i.e., do-nothing) appears to be justifiable.
It resultsin zero cost for this cost impact category.

However, for illustration purpose, Eg. 3.33.3 is used here to estimate the expected
impact costs as follows for repair cost:
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Expected Impact Costs = Impact Costs (Pias—Prgc) >0

(3.3.3.3)

For Scenario 1:

Expected Impact Costs =Repair Costs (P as- Psc)
=$1360(6.03x10"3-6.81x10™%)
=$0.000

For Scenario 2:

Expected Impact Costs =Repair Costs (P as- Prsc)
=$1360(1.31x10™"*-2.58x10™*%)
=$0.000

For Scenario 3 (lower bound — 5 axle truck shifting to 105 k):

Expected Impact Costs =Repair Costs (P as- Prsc)
=$1360(1.55x10"°-42.58x10"4)
=$0.000

For Scenario 3 (upper bound — 5 axle trucks shifting to 129 k):

Expected Impact Costs =Repair Costs (P as- Prsc)
=$1360(1.08x10°%-2.58x10™?)
=$0.000

The unit repair cost of $1360 is taken from Data Set A-5.2.4 in Appendix A for
repairing fatigue cracking for a longitudina stiffener's end weld. The resulting cost
impact for this category appearsto be negligible for al three scenarios as shown.

5. Sengitivity analysis

Based on the results above, it appears that possible variations in the input data
likely will not change the fundamental nature of the result. In other words, the expected
costs due to the three scenarios of weight-limit change will be negligible or practically
zero. For illustration, Scenario 2 is used here for a sensitivity analysis according to the
guidelines given in the recommended methodology in Appendix A.

The sensitivity analysis results are obtained with the shifting window parameter
and impact factor perturbed, as shown in Tables B-1.1.2 and B-1.1.3. Table B-1.1.2
shows the impact cost as a function of the shifting window parameters, compared with
the reference case of & = & = 10% and b; =b, =20%. The definition of the window
parameters is given in Fig. 3.1. For the lower and upper bounds for the window
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parameters, Table B-1.1.2 shows that the cost impact may change negligibly from the
reference case (i.e., the default values of the window parameters). In a similar fashion,
Table B-1.1.3 demonstrates the sensitivity of the dynamic impact factor on the expected
cost impact. While for this particular example the influence of the impact factor and the
window parameters is not noticeable, the impact cost is more sensitive to the dynamic
impact factor than to the shifting window parameters. This appears to be because the
dynamic impact factor is part of the stress range as loading. The load is raised to the
cubic power and is more dominant than many other parameters. Although the shifting
window parameters are aso related to loading, they are not as directly as the impact
factor. Thus, less sensitivity is observed of these parameters.

6. Conclusions for this cost impact category

Based on the details presented above, it can be concluded that the lifted GVW cap
from 467 kN (105 kips) to 574 kN (129 kips) for the three considered scenarios is not
expected to change costs to the state agency within next 20 years, with respect to steel
bridge fatigue. Thisis mainly because of very low current (and thus future) truck traffic.
It should also be noted that no transportation modal shifting (e.g., from railway to
highway or vice versa) is included in the presented example. The two specific routes are
local routes transporting goods within the area. Thus truck behavior change as a result of
these scenariosis not expected to have an impact on railway transportation.

B-1.2 Cost Impact Category 2: RC Deck Fatigue

1. Identify vulnerable bridges and group

Using the ITD’s bridge inventory, a total of 73 bridges were identified on the two
pilot routes. Of these bridges, 39 were identified to have an RC deck-on-beam
superstructure. The agency’s inventory contains more details than the NBI, which was
helpful in identifying these bridges according to their characteristics. A Level | anaysis
is performed here, because a Level Il analysis would require an excessive amount of
detailed analysis for each of the 39 bridges. These 39 bridges were grouped and for each
group one bridge was selected for detailed analysis. Following the guidelines discussed
in Section 3.4, the major factor considered here in grouping is the age, i.e., the year when
the bridge was constructed. This also largely determines the deck’s ultimate shear
strength Py. It is because P, is mainly a function of the concrete’ s compressive strength
and deck thickness, and bridges built in the same time period likely have similar values
for these parameters. Tables B-1.2.1 provides an overview of the groups selected,
according to age, i.e., the year built.

2. Generate wheel weight histograms (WWWHS)
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For generating WWHS, the Scenario 1 analysis used the measured WIM data to
generate the WWHs. In this case, wheel weights are available in the WIM data by
dividing the recorded axle weights by 2. The procedure of using the axle and gross
weight relations in Section A-5.1.2 of Appendix A was not needed. Figs. B-1.2.1 and B-
1.2.2 show the WWHs as the result respectively for the Base Case and the Alternative
Scenario. They show that the heaviest wheels weigh 80 to 85 kN (18 to 19 kips). These
wheel loads include the effective load increase for steering wheels that act on a reduced
area of tire-print, discussed in Section 3.4. Scenarios 2 and 3 used the FHWA VMT data
and the recommended procedure in Section A-5.1.2 of Appendix A to estimate wheel
weights using the gross vehicle weight. Then WWHSs were generated using these results.

3. Find increased probability of failure, select responding action, and estimate impact
costs for sampled bridges

The increased probability of failure P is calculated according to Eqg. 3.3.2.4 and
also listed in Tables B-1.2.1, B-1.2.2, and B-1.2.3 for each bridge deck representing a
group of decks, respectively for Scenarios 1, 2, and 3. The ITD is overlaying decks for
the first time of their respective service life, and is gradualy increasing this treatment in
the State.  Thus, overlaying costs would be most likely the costs for these bridges and
they are therefore used here to estimate the cost impact. A $19 per square foot (in Y 1998
dollars) is estimated as the unit cost for this selected treatment. This cost was estimated
based on a $20 per square foot in Y 2000 dollars, based on ITD personnel’s experience.
The total costs are in Y1998 dollars shown in Tables B-1.2.1 to 1.2.3 respectively for
Scenarios 1, 2, and 3.

For Scenario 3, Table B-1.2.3 shows estimated zero costs for both cases of
assumed truck load shifting. Numerically, this is due to that the probability of failure
increased by the weight limit change is always zero for all the bridges in this scenario.
Actually the failure probabilities in AS was lowered from those in BC. Physically, thisis
due to the new distribution of GVW to a larger number of axles. A 5-axle truck of 80
kips now is shifted to either a 9-axle truck of 105 kips (the lower bound) or a 10-axle
truck of 129 kips (the upper bound). Roughly, an increase of GVW of 25 kips or 49 kips
isnow distributed to 4 or 5 additional axles respectively for the two extreme bounds. On
average, each new axle takes 25 kips/4 = 6.25 kips or 49 kips/5 = 9.8 kips. These axle
loads under the Alternative Scenario certainly are not higher than those highest axle loads
in the Base Case, while fatigue damage is dominated by the highest wheel loads in the
spectrum due to a high exponent of almost 18 (Eg. 3.4.2.1). Thus, the Alternative
Scenario here actually represents aless severe load to RC decks.

Please aso note that this analysis is based on an implicit assumption that wheel
loads under the Alternative Scenario would not exceed current wheel weight limit any
differently from current practice. At this point, there is no way of verifying or rejecting
thisassumption. Thisisespecially true for Scenario 3 of extensive scale (i.e., legalizing a
new load limit over the entire state) and large magnitude (from 80 kips to 129 kips). We
believe that reliable verification or rejection of this assumption can only be done using
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data obtained in a process of implementing the considered scenario. This process can be
staged to avoid drastic changes that may cause adverse effects on the bridges.

4. Sengitivity analysis

In Section 3.4, the sensitivity of the parameters involved in RC deck fatigue
assessment has been examined. It is shown that the terms with the exponent of 17.95 are
more sensitive than other parameters. Here we examine another variable related to
decision making for treatment.

In practice, patching may be used before rehabilitation of concrete overlay, to
“buy” some time for lower dynamic load effect and to immediately address the need for
improving riding condition. As commented in Chapter 3, this would not change the
structural strength of the deck but it does improve the riding surface condition. We may
assume two times of patching for a cost of 10% of the concrete overlay cost.

This estimate of 10% increase from the concrete overlay cost for patching was
made based on limited data from Californiaand Arizona. It should be acknowledged that
this figure varies over the country. In many states, minor patching is done by in-house
maintenance force. It could be difficult to differentiate patching costs from other costs
because these personnel have other duties. However, agencies should gather relevant
data for more accurate results.

5. Conclusion for this cost impact category

The above results show that expected cost impact due to the increased weight
limit to 129 kips for these are $37,100, $10,700, and $0 respectively for Scenarios 1, 2,
and 3. There may be a 10 percent increase from these costs for 2 times of additional
patching, depending on the agency’ s practice.

B-1.3 Cost Impact Category 3: Deficiency of Existing Bridges

1. Deficiency criterion

For this cost impact category, Level Il analysis requires an approach of detailed
re-rating for every bridge in the network, except for those already deficient. It needs
detailed structural analysis for these bridges under the Alternative Scenario. When Virtis
is fully loaded and operational for the agency, Level Il analysis may become
accomplishable. Otherwise, needed information has to be gathered from different
databases (such as plans and the bridge inventory database). Level | anaysis, instead,
uses current ratings available in the agency’s bridge inventory (or the NBI) to estimate
new ratings under the Alternative Scenario. Nevertheless, with assistance from ITD, a
Level |11 analysis was made possible and presented here.
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All the identified 73 bridges on the two pilot routes are listed in Table B-1.3.1.
Also listed are the inventory and operating ratings for these bridges in the second through
fifth columns. A rating factor greater than 1.0 indicates an adequate bridge. These ratings
are obtained using the AASHTO Type 3S2 and Type 3-3 vehicles, as indicated. Note
that a five-percent allowance is included when determining the bridge’s need in terms of
repair or replacement. This is more justifiable when the operating rating is acceptable
(>1) and only the inventory rating is of concern, because the operating rating should be
the absolute maximum allowable load. For example, Bridge 12585 is considered to be
inadequate under the Base Case, with the inventory rating factors equal to 0.890 and
0.867 (and operating ratings of 1.484 and 1.445) for Type 3S2 and Type 3-3 vehicles,
respectively. For comparison, Bridge 12654 is adequate since the rating factors are all
higher than 1.0. Nevertheless, Bridge 13190 is also considered practically to be
acceptable to remain in service without needing any work, because its inventory rating
factors are 0.992 and 0.969 for the two vehicle types, within five percent from 1.0. Its
operating ratings are 1.674 and 1.634 respectively for these two rating vehicles.

It was felt that using ratings based on these more realistic vehicles (as opposed to
the H and HS vehicles) is appropriate in determining the need for addressing overstress,
although there are States that include the H and HS vehicle ratings in their decision
making for overstress and determining bridge needs.

According to the concept presented in Section 3.5, the Alternative Scenarios
considered here (Scenarios 1, 2, and 3) are applicable to annual renewable permits or
legal weights. Thus the following adjusting factor (AFaing) IS used, calculated for the
respective truck weight histograms discussed above:

AFrating = [ZWAs* +1.41 t(ADTTAs) O'As*] / [ZWB(;* +1.41 t(ADTTBc) O'Bc*]
Eq.3.5.1.2 in Section 3.5

where W* and o* are the mean and standard deviation of truck weight for the top 20
percent of the truck weight histogram (TWH). The coefficient t(ADTT) is a function of
truck traffic ADTT at the site. Typically t isin the range of 2.0 to 4.5, as discussed in
Section 3.5.3 and tabulated in Section A-3 of Appendix A. The subscripts BC and AS
respectively refer to the Base Case and Alternative Scenario. The evaluation truck model
is taken as the practical maximum load of 574 kN (129 kips) developed by the ITD as
shown in Fig. B-1.3.1. Note that, developing such a truck model often requires
considerations to factors other than truck weight. For example, it may depend on the
dimensions of anticipated trucks that the designated roadways have to be able to
accommodate. Thus, assistance may be needed from personnel with experience in
commercia vehicle traffic and regulations.

2. Calculate the load ratings under Alternative Scenario and identify deficient bridges
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For Scenario 1, practiced situation of lifted GVW limit applicable to only two
routes, the same WIM data used for above cost impact categories are used. The WIM
station happens to be on one of the two routes. For Scenario 2 and (hypothetical situation
of lifted GVW limit applicable to the entire state) and Scenario 3 (hypothetical situation
of legalization of 129 kips), the TWH’s for the Base Case and Alternative Scenario are
generated using the same procedure as that used for other cost impact categories above.
The process of truck traffic shifting has been discussed above for these two scenarios.

The AFaing Values as discussed above are then used to find the new rating factors
under the alternative Scenarios using the following equation

RFas = RFac, using As rating vehicle / AFrating (35.1.3)

where RFgc, using As rating venicle 1S the rating factor using the live load factor for the Base
Case and the new rating vehicle in Fig.B-1.3.1 for the Alternative Scenario. This rating
factor was calculated for each bridge's critical section in the network. The resulting
rating factor for the Alternative Scenario RFas for each bridge is shown in Table B-1.3.1.
Note that in these eight columns of rating factor under Alternative Scenario, NA is used
to indicate those bridges that are deficient under the Base Case. Thus these bridges do
not contribute to the total impact cost. The additional deficient bridges under the
Alternative Scenario are indicated by rating factors lower than 0.95, considering an
allowance of 5 percent as sometimes practiced.

Here, we will use the operating rating for making decisions as to which bridges
need work for impact cost estimation. In Table B-1.3.1, new inadequate bridges under
Alternative Scenario have their operating rating bolded and colored gray. For Scenario 1,
one bridge is found to become inadequate (Bridge ID 16645) with an operating rating of
0.974 and inventory rating of 0.585. For Scenario 2, al bridges have operating rating
greater than 1. For Scenario 3, the lower bound case (in the column marked as Scenario3
— 105 kips) aso has no additional inadequate bridges. The upper bound case (in the
column marked as Scenario3 — 129 kips) has three bridges identified as inadequate.

3. Sdect responding action and estimate costs

For Scenario 1, the resulting situation that one bridge has operating rating lower
than 1 may be treated in several different ways. Since the operating rating is the absolute
maximum load a bridge can carry, it is not recommended that the 5 percent alowance be

applied. One option isto replace the bridge. The total cost would be

14,737 sq ft deck area x $68 per sq ft in Y1997 dollars
=$1.03 millionsin Y 1998 dollars.

A 3 percent discount rate has been included in the calculation. The unit cost for new
bridgesistaken from Data Set A-5.2.6 in Appendix A provided by FHWA.
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Another option could be a physical load testing to the bridge in order to identify
possible reserve strength that is not accounted for in analytical rating. This may cost
approximately $6,000 in Y1998 dollars. For the operating rating very close to 1, it is
highly likely that a load test will be successful in identifying such reserve strength. Note
that the AASHTO evaluation code (1994) has provisions regarding such testing for load
rating.

For Scenario 3, the upper bound case has identified three bridges to be
inadequate: Bridges 12560, 12565, and 16645. Since their rating factors are clearly lower
than 1, the costs for replacing these bridges are calculated. A total of $2.08 millions is
estimated to be the cost impact for this category. As discussed above, the impact cost
may be reduced if other mitigation measures are effectively taken. For example, physical
load testing may be still an option to more accurately determine the load rating of these
bridges. Such testing may indicate that replacement of these bridges is not necessary.

4. Senditivity analysis

As an illustration example, several variables are further studied here in this
section of sensitivity analysis. These considered variations from the parameters or
assumptions used above may not be valid for ITD, however, this demonstration could be
helpful to the reader for other situations.

Assume that load posting is selected as an appropriate reaction to this situation for
the 10 bridges with low inventory rating. (Note that some States post at a level between
the operating and inventory ratings, while ITD does so at the operating rating.) Such load
posting requires enforcement and therefore the enforcement cost should be accounted.
For this type of cost, the only available data that can be used as default input come from a
Minnesota DOT study (Task Force Report “Truck Weight Limits and Their Impact on
Minnesota Bridges’ 1991). If we assume that their experience is applicable to the
situation and that one enforcement-crew is needed, the following annual cost in 1998
dollarsisarrived.

$89,200 per enforcement crew in Y1991 dollars

= $109,700 per enforcement crew in Y 1998 dollars
where a discount rate of 3 percent is used.

If, on the other hand, another extreme of responding action is selected, i.e., to
replace the bridges with inventory rating lower than 1. For Scenario 1, 10 bridges have
thissituation. Then the following estimate is arrived.

Total deck area of the 10 bridges = 6185 m? = 66574 ft?

Total Cost = 66574 ft* ($68/ft* in Y 1997 dollars)

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21956

Effect of Truck Weight on Bridge Network Costs

B-14
= $4.66 Millionsin Y 1998 dollars

The unit bridge cost per deck area is taken form the FHWA average data, which are
recommended to be the default data (Data Set A-5.2.6) in Appendix A. A 3 percent
discount rate is included in this cost estimation. These 10 bridges were built between
1956 to 1995. In generdl, it is not expected that they would need to be replaced within 20
years under the Base Case (without the impact of the Alternative Scenario). Thus the $
4.66 million cost is attributabl e to this scenario.

If agency specific cost data are available, this estimation can be improved. For
example, Table B-1.3.2 shows a list of new bridges constructed in Idaho for a recent
three-year period. The average bridge cost per deck areais found there to be $72.38 per
sq ft, being 3.4 percent away from the FHWA cost of $70.04 per sq ft, both in Y1998
dollars. When the agency specific datais used, atotal of $4.82 millions are computed.

Note that, in reality, responding action needs to be selected with consideration to
many factors. Some of these factors are beyond the scope of this project and information
on these factors may need to be supplied or identified by the user. Thus this selection
will be input by the user into the software module implementing the recommended
methodology. Note again that including the above (replacement and enforcement)
options here is to illustrate possible applications, not to indicate necessary actions for the

agency.
5. Conclusions for this cost impact category

Based on the details presented above, it can be concluded that the considered
scenarios of lifting GVW cap may incur the following costs. For Scenario 1, a total of
$6,000 is estimated to address the deficiency of Bridge 16645, with respect to overstress-
caused deficiency. It is illustrated, however, that if a different responding action is
selected, the result will be different and possibly very much different. This indicates that
the decision on responding action is a strong influencing parameter to the final result.
For Scenario 2, the impact cost is estimated as zero. For Scenario 3, if load testing is
selected, a total cost of $18,000 is estimated for the three inadequate bridges identified.
If replacement isimplemented, atotal of $2.08 million is arrived.

B-1.4 Cost Impact Category 4. Deficiency of New Bridges

Level | analysis is used here for this cost impact category, because the
information on future new bridges was not readily available.

1 New design load requirement
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Using the recommended methodology presented in Appendix A, the adjustment
factor AFgesign for design is defined as follows.

AFgesgn = [2Was* + 6.9 0as*] / [2Wpe* + 6.9 Oc*]  AFdesign> 1
(3.6.1.3) in Section 3.6

The same truck model with a GVW of 574 kN (129 kips) in Fig.B-1.3.1 is used here to
estimate the new requirement for new bridges to be built within the 20-year planning
period. This truck was considered to represent the practical maximum loads to be
included for design checking. The current design load for Idaho is HS25, which is used
here as the reference to identify additional strength requirement and thereby induced
incremental costs. EQ.3.6.1.1 in Section 3.6 is used here to estimate the amount of
change in the design load:

DLCF = (Mas, 120k / Mpc, Hs25) AFdesign (3.6.1.1)
Mas, 120k / Mc, Hsos > 1 (36.1.2)

where DLCF has been defined as the design load change factor. Practicaly, the
minimum value for Mas, 120« / Msc nses should be 1, because when the quotient becomes
less than 1 (i.e., Mas, 120k 1S Smaller than Mpc nsps) the existing design load HS 25 will
govern. The following values of Was*, 0as*, Wgc*, and ogc* were found using the
TWHSsfor the Base Case and the Alternative Scenario. They are used in Eq.3.6.1.3 above
to estimate AFgesign. When AFgesign iSs computed to be less than 1, it is set equal to one
because any lower live load factor would not be used.

Scenario 1 Scenario 2
(practiced) (129 kip-cap for permit in entire state)
W* o* W* o~

Base Case
Alternative Scenario

Base Case
Alternative Scenario

kN(kips) KkN(kips)

443(99.6) 74(16.6)
463(104.0) 108(24.0)

Scenario 3 — 105 kips
(129 Kips legalized)

W* o*
kN(kips) KkN(kips)

409(91.9) 45(10.1)
479(107.7) 34(7.7)
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kN(kips) kN(kips)

409(91.9) 45(10.1)
415(93.2) 54(12.2)

Scenario 3 — 129 kips

(129 Kips legalized)
W* o*

kN(kips) kN(kips)

409(91.9) 45(10.1)
559(125.6) 42(9.4)
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The above values for W* and o* may cause AFgesgn to become less than 1. Physically, it
is because when more trucks carry heavier load, the higher end of the TWH becomes less
scattered. In ratio AFgesgn, the increase in W* from BC to AS is offset by decrease in o*
from BC to AS Then the denominator becomes smaller than the numerator, which leads
to AFgesgn < 1. This actually happens in Scenario 3 where the majority of total truck
traffic (i.e., the 5-axle truck traffic) is assumed to shift to more heavily loaded trucks. In
both lower and upper bound cases, o* noticeably reduces from BC to AS.

2. ldentify impacted bridges

The types and sizes of new bridges to be built in the next 20 years are assumed to
be similar to those built in recent years, for a Level | analysis. The bridges on the two
routes that were built over the past 6 years are identified in Table B-1.4.1 (from 1993 to
1998 inclusive). This period of 6 years was selected by iteration, to reach a number of
bridges that can help determine areliable estimate of average annual cost impact.

3. Estimate the required design loads and incremental costs

The new design load for each of these bridges is estimated as shown in Table B-
1.4.1 using DLCF defined in Eg.3.6.1.1. Accordingly, the incremental costs to meet the
new |load-carrying requirement are estimated as follows

Cost Impact
= Deck Areax Cost Increase Coefficient
x Unit Cost in Y1998 Dollars per Deck Area

The cost increase coefficient is found using the default incremental cost datain Appendix
A (Data Set A-2.7.5). The cost increase coefficient is aso listed in Table B-1.4.1 for
each bridge for Scenarios 1 and 2. It shows that the average annual cost for new bridges
due to design load increase is respectively about $43,000 and $27,000 for these two
scenarios. For the PP = 20 years. They lead to total of $861,080 and $542,600. The
difference between them is apparently due to the loads used. Again, Scenario 1 used
WIM data as the load, and Scenario 2 used the FHWA VMT data for the Base Case and
thereby predicted TWH for the Alternative Scenario.

Table B-1.4.2 shows the same information for Scenario 3 for the two limiting
cases, referred to as Scenario 3- 105 k and Scenario 3 — 129 k, respectively. They give
the total costs as $521,180 and $1,010,500 for 20 years.

Note that, when we consider the fact that only three trucking companies registered

under Scenario 1 for a few trucks, it may not appear to justify design load increase.
However, the WIM data used for Scenario 1 indicate that a remarkable amount of heavier
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trucks now are traveling on these two pilot routes, as shown by the WIM data in Figs.B-
1.1.3 and B-1.1.4. This requires a higher design load quantified here. The estimated
costs for this category appear to be amajor contributor to the grand total costs.

4. Sensitivity analysis

It is seen in Table B-1.4.1 that the number of years to look back in the analysis
could be sensitive to the result for a relatively small network as this one in Idaho (i.e.,
two routes). For example, if 1 year is used instead of 6 years to look back, the annual
cost for new bridges would be zero because no bridge was built on these two routes in
1998, as shown in Table B-1.4.1. This situation continues until 1995 is reached when
two new bridges were built, the annual cost would suddenly change to cover these two
bridges over a period of 4 years (from 1995 to 1998 inclusive). It is envisioned that this
may be the most sensitive variable to the final result. Therefore, it is advisable that this
sample of new bridges should be sufficiently large to provide a reliable annual cost for
new bridges.

5. Conclusions for this costs impact category

The expected cost impact for this category is found to be about $43,100 and
$27,100 per year in Y 1998 dollars, respectively for Scenarios 1 and 2. Thetotal costs for
this category for PP=20 years are $861,100 and $542,600 for these two scenarios,
respectively.

B-1.5 Summary for the ldaho Example

Table B-1.5.1 summarizes the cost estimation for this Idaho example for the three
scenarios considered. It is shown that Cost Impact Category 4 for new bridges is the
dominant contributor to the total impact costs. The example also shows that selecting
which action to respond to the identified fatigue increase and additional |oad-carrying-
capacity deficiency may be sensitive to the final result. It indicates that application of the
recommended methodology needs adequate attention to what should be the appropriate
reaction.

Furthermore, Scenarios 1 and 2 do not exhibit significant difference. This is
mainly because that actually a significant number of trucks are now operating under the

new regulation, although the registration data do not show this fact. The WIM data
before and after the weight limit change clearly indicate that thisis the case.

B-1.6 Truck trafficin Scenario 3
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For the Scenario 3 analysis, a subtask was to estimate the percentage of trucks
that are expected to exceed the inventory rating of the bridge. It should be noted that load
ratings indicate safe load carry capacities based on truck load effects not just truck
weights. While load shifting modeled here only uses information of truck weights
(GVW), some assumptions about the relation of the truck weight and its load effect are
needed to accomplish what is required here.

It is assumed here that the flexural moment of each truck is proportional to the
truck’s gross weight, according to the truck models in Fig. B-1.3.1. Further, the
inventory rating is determined using the 129 kip truck model in that figure. Based on
these assumptions, Table B-1.6.1 gives the percentage of trucks exceeding the inventory
rating for each bridge in Scenario 3. It is shown that some bridges have more than 10
percent of the truck population exceeding their inventory rating. For the upper bound
case of 5-axle trucks shifting to the 129 k truck model, 17 of these bridges have almost 20
percent of the truck traffic above the inventory rating. Thisis expected to certain extent,
because these bridges have low inventory ratings.
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B-2 TheMichigan Example

This example applies the recommended methodology in Appendix A to the state
of Michigan for an Alternative Scenario of legalizing the 3S3 configuration with a gross
weight of 431 kN (97 kips). Fig. B-2.1.1 shows two truck configurations under this
scenario as the practical maximum truck weights, representing the upper and lower
bounds for the total length of these trucks. The shorter oneis referred to as 3S3A and the
longer one as 3S3B, respectively. This scenario has been considered in severa studies at
the federal and state levels. It still remains to be a candidate for a change to the current
truck weight limits. In addition, since this configuration is legal in Canada, bordering
states with Canada such as Michigan are receiving increasing pressure to legalize it as an
effort of implementing the North American Free Trade Agreement (NAFTA).

There are approximately 12,400 bridges in the State of Michigan. Thus, going
through every one of these bridges as done for steel fatigue in the Idaho example does not
appear to beredlistic. Level | analysisistherefore used for all four cost impact categories
in this example. Asdiscussed in Chapter 3, the main difference between the Level Il and
Level | analyses is that the former requires input data specific for the bridge (including
factors controlled by the site and the jurisdiction). The latter samples the population and
then uses the sample to project the costs for the entire network. As to be seen below,
sampling and/or approximation are used here in all the analyses for the three cost impact
categories investigated.

B-2.1 Cost Impact Category 1. Steel Fatigue
1. Identifying representative samples of vulnerable bridges

Among the bridges in Michigan, approximately 5,600 have a steel superstructure.
Analyzing every one of them was not feasible considering the time and cost constraint for
this project. Sampling was thus used herefor a Level | analysis. Asdiscussed in Chapter
3, this sampling approach will use a small number of bridges to project to the entire
population. The bridge population we have here is not uniform with respect to possible
cost impact. Thus the stratified sampling concept is used. Thisisto avoid such an error
that a bridge is selected to represent a group of very much different bridges with respect
to estimated fatigue accumulation and induced costs. Stratifying is done here according
to the following parameters. 1) Jurisdiction (state versus local agencies). 2) Type of steel
beams (plate girders versus rolled beams). 3) Type of span (simple versus continuous
spans). 4) Age (built before 1940, between 1941 and 1950, between 1951 and 1960, ...
up to the respective years the targeted fatigue prone details likely fell off favor). 5)
Maximum span-length. Within each stratum (group), random sampling was used to
select a number of bridges for detailed remaining life analysis and the following cost
anaysis.

Two fatigue prone details are focused in this example's screening: 1) Partial
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length cover-plate toe welds (for rolled beams). 2) Longitudinal stiffener or attachment
plate welds to the web close to the tension flange (for plate girders). Both of these
targeted details have either E or E' category fatigue strength, which are the weakest
strength categories. The guidelines given in Section A-5.1.3 of Appendix A are used for
this screening using the Michigan DOT' s bridge inventory. 3,200 steel bridges resulted
from this screening process. They were grouped or stratified according to the 5 factors
discussed above.

Table B-2.1.1 shows the randomly selected 93 sample bridges, representing the
3,200 steel bridges identified to possibly have the targeted fati gue prone details of E or E’
strength. The table also shows the characteristics of the bridge groups that the sample
bridges respectively represent. For example, the second bridge in the table, Bridge 994,
represents a group of plate girder bridges of continuous spans constructed between 1961
and 1970, and with the maximum span length between 40 m and 50 m (131 ft to 164 ft).
Two bridges from the population belong to this group represented by Bridge 994. When
the number of bridgesin a group is 50 or smaller, one bridge is used. When this number
is larger than 50, two bridges are included in the sample. This sampling resulted in the
93 bridges that were thought manageable within this project. This sampling rate may
also represent a typical resolution of analysis for a state agency with its size of the
network similar to that of Michigan. Of course, for application of the recommended
methodology by agencies, the sampling rate will depend on the available resources for
the application.

2. Estimate the remaining lives for both the Base Case and Alternative Scenario.

For the sample included in Table B-2.1.1, plans for each of these bridges were
requested from the agencies with jurisdiction. The state agency is Michigan DOT, and
the local owner can be atown, city, or a county. Except afew cases where no plans were
available (for example, Bridge 6556 listed as No.22), plans were acquired and reviewed
for identification of the two focused types of fatigue-prone detail. Table B-2.1.1 also
shows the result of this identification in the last column. Then a detailed stress range
analysis was performed for each of these bridges identified. The results are used in the
remaining fatigue life calculation according to the AASHTO procedure. Note that the
calculation used the formulain Eq. 3.3.2.4, instead of the chart in AASHTO (1990). This
has been discussed in Section 3.3.

Table B-2.1.2 summarizes the result for this step of analysis. It includes 16
bridges that were found to have either of the targeted details, out of the sampled 93
bridges. They represent atotal of 1,005 bridges, as indicated by the number of bridgesin
the group for each bridge. Note that Bridges 7833 and 9158 represent the same group of
339 bridges. For each bridge, Table B-2.1.2 exhibits the resulting remaining lives under
the Base Case (BC) and the Alternative Scenario (AS). They are estimated using the
AASHTO procedure and the default VMT data for the needed TWHs. Each functional
class has a VMT data set as the sample in Data Set A-5.2.1 of Appendix A, and thus a
pair of TWHs for the Base Case and the Alternative Scenario. The TWH for the
Alternative Scenario is generated using the prediction method in section A-5.1.1 of
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Appendix A and discussed in more details in Section 3.1. That method is applied to the
VMT datafor the impacted types of vehicles. In this case, 3S2 truck traffic is considered
to be impacted and will shift to the 3S3 configuration. Other vehicle types, such assingle
unit with 3 or 4 axles, will not change.

3. Select responding action and estimate costs

The remaining lives in Table B-2.1.2 are used to compute the increased
probabilities of failure using EQ.3.3.3.2, which are also shown in Table B-2.1.2 as
increased P:. Failureis defined here as fatigue cracking during the planning period PP set
as 20 years here. The expected repair costs are estimated as

Expected Impact Cost;
= Increased Probability of Failure P;; x Action Costs

where subscript i indicates the specific detail analyzed, the repair cost for the fatigue-
prone detail is calculated using Data Set A-5.2.4 in Appendix A’s default database. It is
$1360 for each longitudinal attachment weld and $1800 for each cover plate weld. Note
that they represent approximately costs of Year 1998. Then the expected impact costs for
each bridge group are calculated as the product of the expected impact for the
representative bridge and the number of bridges in the group. When there are two
bridges representing the same group, their respective costs are averaged first before
multiplied by the number of bridges in the group. The expected repair costs for these
groups are aso included in Table B-2.1.2. At the end of the table, the total cost is
projected to dollarsin Y ear 2000, to be consistent with costs from other categories.

4. Sengitivity analysis

Severa input parameters are examined here to understand their effects on the
estimated costs. They include 1) the window parameters (ay, &, by and by) for estimating
the TWH for the Alternative Scenario, defined in Fig. 3.1 and Eq. 3.2.2.1; 2) the traffic
growth factor u; and 3) the impact factor for dynamic effects increasing stress.

1) The window parameters in estimating TWH for the Alternative Scenario
(24, @, by, and by defined in Fig.3.1). These parameters describe how much truck traffic
could be impacted upon and change their behavior. Although these parameters have been
tested as presented in Section 3.2, there is a possibility that a specific case deviates from
what is modeled by these values. Thus, an upper bound and a lower bound are used to
understand the sensitivity of these parameters to the final cost result.

Table B-2.1.3 shows the same result as in Table B-2.1.2 except for a;=a,=5% and
b;=b,=10%, different from the default values used in Table B-2.1.2: &y=2=10% and
b;=b,=20%. This case represents very minor impact of aweight limit change on trucking
behavior with respect to the change in the weight carried. Apparently, this small impact
is estimated to cause a cost impact lower by about 60% compared with the case in Table
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B-2.1.2.

Table B-2.1.4 represents another extreme of truck behavior change in the weight
carried. The window parameters are set as ay=a,=15% and b;=b,=30%, which increase
the cost due to more extensive response of trucks to the considered weight limit change.
However, the cost increase is not as much as the increase from the case in Table B-2.1.3
to that in Table B-2.1.2. This appears to be because when the GVW is increased as
considered here, the amount of traffic is reduced, due to assumed constant payload. The
higher load is expected to increase the stress and thus to shorten the remaining life, while
fewer load cycles caused by less traffic will permit longer life. This situation will cause
the increased failure probability to be small and result in lower expected impact costs. As
seen, these two effects counteract to each other here.

2) Dynamic impact factor. In the analysis results shown in Tables B-2.1.2, a
typical value of 15% has been included to account for dynamic impact of vehicles in
motion. In reality, this impact factor has been found to be a function of the road's
roughness, which may be a function of time over the life of the bridge. This step is to
examine the effect of this parameter. Since no specific information is available regarding
the variation of this factor with time, a maximum value of 30% and a minimum value of
10% are used to estimate the influence of this parameter on the cost.

Table B-2.1.5 shows that the total stedl fatigue cost reduces about 22 percent for
the dynamic impact factor | reduced from 15 percent to 10 percent. Table B-2.1.6 shows
that it increases about 73 percent when | increased from 15 percent to 30 percent.

3) Truck traffic growth factor u. The truck traffic growth factor used in this
analysis is based on the two traffic amounts for two times (usually 20 years apart)
recorded in the NBI. The earlier time is the time when this data was updated by the
agency. Inthe 1998 version of the NBI, the future time referred to is often 2013 or later.
It is possible that the resulting growth factor is not the same as the rea life-average
growth factor. Thus adding an additional 3% to the traffic growth rate u is thought to
give its possible maximum value. Based on this new growth factor, the analysis for this
cost impact category is performed again and the results are shown in Table B-2.1.7. It
shows that the considered amount of traffic growth increases the cost by about 55
percent. It should be noted that a 3 percent increase in the traffic growth is considered an
absolute upper bound for this parameter, and it is unlikely to occur.

5. Conclusions for this costs impact category
The expected additional cost for steel fatigue due to the considered scenario of
truck weight limit change is estimated at a total of about $6,200 in Y2000 dollars. In

general, the variation of the parameters examined is not expected to alter the final cost
result’s order of magnitude.

B-2.2 Cost Impact Category 2: RC Deck Fatigue
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Michigan is located in the Snow Belt and typically uses a large amount of salt for
deicing. The recommended methodology does not provide a quantitative method to
assess RC deck fatigue’s contribution interactive with rebar corrosion due to salt. Based
on the recommendation in Section 3.4, cost impact for this category for Michigan is
conservatively set to zero.

B-2.3 Cost Impact Category 3: Deficiency in Existing Bridges

This cost impact category is covered here using the Level | analysis. Thislevel of
analysis requires the agency’s bridge inventory database or the NBI. The maximum
moment due to the new rating vehicle under the Alternative Scenario is also needed for a
range of generic spans of interest. The TWHSs used in this cost impact category are the
same ones used in the category for steel fatigue. Thus their generation does not need to
be repeated here.

1. Identify the criterion for deficiency

Michigan DOT uses severa rating vehicles for load rating. A review of the
state’ s bridge inventory indicated that for the vast majority of the bridges in the State, the
governing vehicle is the 3S8 configuration, as shown in Fig. B-2.3.1. Furthermore,
Michigan DOT uses the operating rating to determine inadequacy of bridges.
Accordingly, this analysis is conducted using the 3S8 vehicle as the reference for
comparison to find new load ratings under the Alternative Scenario, as follows:

RFas = RFsc (Masg/ Mass) /AFrating Eq.3.5.1.1in Section 3.5
AFrating = [ZWAs* + 141 t(ADTTAs) O'As*] / [ZWBc* + 141 t(ADTTBc;) GBC*]
Eqg.3.5.1.2 in Section 3.5

where M3sg and M3ss are the maximum moments due to the 3S8 vehicle in Fig. B-2.3.1
and the 3S3 vehiclesin Fig. B-2.1.1 for the span. For continuous spans, the Mssg / M3s3
ratio is calculated for several commonly critical sections, then the maximum ratio is used
in the above equations to find the new rating factor RFas under the Alternative Scenario.
As defined in Section 3.5.1, RFgc is the operating rating factor for the Base Case (the
existing operating rating factor in the inventory database). AFaingis the ratio between the
live load factors for the Alternative Scenario and the Base Case. W* and o* are the mean
and standard deviation of the top 20 percent of the TWH, and t is a function of annual
daily truck traffic (ADTT) as given in Section A-3 of Appendix A. Subscripts gs and as
respectively refer to the Base Case and Alternative Scenario. The ADTT values are taken
from the agency’ s bridge inventory database.

2. ldentify deficient bridges
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The new rating factor RFas under the Alternative Scenario is calculated for every
bridge in the inventory as long as its current rating factor RFgc is equal to or greater than
1.0. Thiswill count only the cost impact or cost increment.

Further, since site-specific WIM data are not available to calculate RFas in EQ.
3.5.1.1, the FHWA VMT data (sampled in Data Set A-5.2.1 of Appendix A) are used to
generate TWHSs for the Base Case. These data are meant to be functional class specific.
In other words, bridges that carry roads belonging to the same functional class will use
the same TWH, provided by the FHWA VMT data. The result isthen used to predict the
TWH under the Alternative Scenario. The prediction method is also presented in
Appendix A. Section 3.2 provides more details of the concept for the method. Note that
decrease of traffic volume due to truck weight limit change is also covered in the
analysis. Thisis reflected in the change from ADTTgcto ADTTas in Eg. 3.5.1.2. This
decrease is expected to result from that fewer trips will be required to transport the same
amount of payload if each trip can transport more under the considered scenario of
weight limit change. The amount of decrease for this example is found to be typically
about 1 to 2 percent.

Table B-2.3.1 lists 15 bridges from the State’s network that are not deficient
under the Base Case (i.e., RFgc>1.0) and are found deficient under the Alternative
Scenario (i.e., RFas<1.0). These are simple span bridges with a relatively short span
length, except Bridge 7301, which has two short continuous spans. For these short spans,
the 3S3 rating vehicles in Fig. B-2.1.1 produce a higher maximum moment than the
current governing rating vehicle 3S8 in Fig. B-2.3.1. Mainly it is because the 3S3
vehicles have more severe axle groups (a tandem and a tridem), which govern the
moment effect of short spans where not all axles can be on the span simultaneoudly. In
addition, the AFaing Values larger than 1 indicate increase of uncertainty and the need to
increase the live load factor. Collectively, these two factors bring down the rating factor
for these bridges under the Alternative Scenario.

For other bridges in the network, the existing reserve strength (reflected by RFgc)
and the larger-than-1 ratios between the maximum moments due to the rating vehicles
under the Base Case and the Alternative Scenario (Mssg / M3ss) combine to cancel the
requirement for a higher live load factor (AFaing>1). The net result isthat RFas>1. This
can be seenin EQ. 3.5.1.1 copied above.

For this network of approximately 12,400 bridges, the number of additional
deficient bridges under the Alternative Scenario (15) is relatively small. In addition, the
severity of deficiency, indicated by how far the rating factor RFas is away from 1.0 in
Table B-2.3.1, is aso not large. This situation is mainly due to two factors. 1) The
operating ratings are used here, while this is consistent with the agency’ s practice. 2) The
Michigan DOT currently uses the severe 3S8 load model to perform load rating.
Relatively, the new rating truck model (3S3sin Fig.B-2.1.1) apparently is not as severe as
the current governing load 3S8 for most spans. The bridgesin Table B-2.3.1 are typically
short spans where the weight of the most severe wheel-group controls the maximum
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moment effect.
3. Select responding action and estimate the costs

Based on the results in Table B-2.3.1, one option of response to the situation is to
replace these bridges. The replacement costs for these 11 bridges are calculated using the
default new bridge cost dataincluded in Data Set A-5.2.6 of Appendix A. That datasetis
provided by FHWA based on recorded expenditures. A $79 per square foot of deck area
is used here for cost estimation as the 1997 cost. This unit cost is factored to $86.33 per
sgquare foot for Year 2000 using a 3 percent discount rate. The cost calculation results are
also givenin Table B-2.3.1. A total of about $1.13 million is estimated. It should also be
noted that the RFas in Table B-2.3.1 is not significantly far from 1. If a 5 percent
allowance is given, the total cost reduces to about $0.73 million as shown in the last
column.

4. Sengitivity analysis

Two parameters are examined in this step for illustration. 1) The window
parameters for truck load shifting under the Alternative Scenario, and 2) variation in what
action to take for the Alternative Scenario in response to the identified deficiency.

The default values for the window parameters in Fig. 3.1 are given as ay;=a,=10%
and b;=b,=20%. As discussed in Section 3.2, these parameters describe the degree of
impact on truck operation behavior. Namely, larger &, and & model that more trucks are
expected to change their behavior to use the truck weight limit change. Larger b; and b,
describe that more trucks will be affected in terms of the weight they carry in response to
the weight limit change. The default values are used in obtaining the results in Table B-
23.1.

Table B-2.3.2 shows the bridges identified to be deficient under the Alternative
Scenario for the window parameters set at a;=5%, a=5%, b;=10%, and b,=10%. Other
parameters are kept unchanged from the case shown in Table B-2.3.1. Note that based on
the data discussed in Section 3.2, these values would represent an extreme situation of
lower bound. Thus, itisunlikely to take place in reality, as shown in Section 3.2.3 by the
Arkansas and Idaho WIM data before and after atruck weight limit change. Comparison
between Tables B-2.3.1 and B-2.3.2 indicates that the total replacement costs required to
eliminate the deficiency under the Alternative Scenario would reduce by about 30
percent, while the number of deficient bridges would reduce to 10 from 15.

For the window parameters increased to a;=15%, a=15%, b;=30%, and b,=30%,
Table B-2.3.3 shows that the number of bridges to be deficient will increase to 23 from
15. The total replacement costs will be close to $1.65 millions. Note that these values
for the parameters model a wider spread change of trucking behavior as a result of the
considered scenario of truck weight limit change. They represent an upper bound for
these parameters.
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Furthermore, the impact cost is a function of the action selected in response to the
identified deficiency. Other options may be feasible. For example, posting and
enforcement for the posting could be one of them. If this option is selected, the
enforcement cost will be the only significant cost. Using the default data included in
Data Set A-5.2.3 of Appendix A, one enforcement crew is estimated at $89,200 per year
(in Y1991 dollars). Using a 3 percent discount rate, this cost is converted to $116,400
per year (in Y2000 dollars).

5. Conclusions for this cost impact category

The operating rating represents the absolute maximum load that can be permitted
to cross a bridge. Thus the 5 percent allowance is not recommended here. Further, a
$116,400 per year enforcement cost (in Y2000 dollars) would result in a total cost of
$2.33 millions for the PP of 20 years ($116,400 x 20 = $2.33 millions). This does not
appear to be the most cost effective measure. Thus, the expected cost for this category is
judged to be close to atotal of $1.13 millionin Y2000 dollars.

B-2.4 Cost Impact Category 4: Deficiency in New Bridges
1. Identify the criterion for new design load

In concept, determining this criterion is similar to identifying the same for
deficiency discussed above. As discussed in Section 3.6, the following design load
change factor DL CF should be used.

DLCF = AFgesign (Mas3s / Mus2s) Eqg.3.6.1.1 in Section 3.6
Mass/ Mpss > 1 Eq.3.6.1.2 in Section 3.6
AFgesign = [2Was* + 6.9 0as*] / [2WEc* + 6.9 Opc*]

AFgesgn > 1; Eq.3.6.1.3in Section 3.6

Muszs / M3sss is the ratio of the maximum moments between the HS25 (current design
load for Michigan) and the 3S3 trucks in Fig.B-2.1.1. W* and o* are the mean and
standard deviation of the top 20 % of the TWH for the entire state. The subscripts AS
and BC stand for Alternative scenario and Base Case, respectively. Unlike the Cost
Impact Category 3 for rating deficiency where TWHSs are site dependent (or functional
class dependent if site dependent TWHs are not available), the TWH used here coversthe
entire network of the State. This is because the design load is usually applicable to the
entire network and is not site dependent.
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Based on Eq.3.6.1.1, 25 times DLCF will indicate the magnitude of the new sign
load using the HS designation, because the HS-25 load is the reference load. The HS
designation is used here because relevant cost data are more available, as discussed in
Chapter 3. Some default cost data are given in Data Set A-5.2.7 of Appendix A aong
with the recommended methodol ogy.

2. ldentify the impacted bridges

The Michigan DOT’s current bridge inventory database is searched to identify
those bridges constructed in the last year (1999). 30 bridges were found to have been
designed for HS20, which is lower than the current statewide design load HS-25. These
bridges carry local roads subjected to apparently much lower loads and smaller volumes
of traffic. Most likely, the investigated Alternative Scenario will not impact those
bridges. Thus, they are excluded from cost estimation. The rest of the identified bridges
arelistedin Table B-2.4.1.

3. Estimate incremental costs

Most of these bridges in Table B-2.4.1 have a prestressed concrete beam
superstructure asindicated. The DLCF factor isidentical for these bridges because 1) the
AFgesign IS identical for the entire State and 2) the ratio Mass / Myss is 1, subject to the
requirement of minimum value equal to 1. For these cases, the maximum moment ratio
Msss / Musps is actually lower than one by analysis, and it is set equal to 1 according to
the minimum value requirement. It is because the 3S3 vehicle’'s moment effect is lower
than the HS25 moment effect for these short span bridges. The DLCF determines the
increase of design load for the bridge, which in turn determines the increased costs. A
value of 1 means no change in design load effect including the live load factor. Thus, the
cost for each individual bridge is zero and so is the total cost for this category, as shown
in Table B-2.4.1.

4. Sensitivity analysis

It is felt that the sample used to project the future annual cost may have a
noticeable effect on the final cost result. This sample includes the bridges constructed in
1999 listed in Table B-2.4.1. Apparently, the number of bridges constructed in a year
and their costs vary from year to year. Thus, this parameter is studied here in the
sensitivity analysis. Table B-2.4.2 shows the new bridges constructed in 1998 in
Michigan, in the same format as in Table B-2.4.1. The last column “cost impact” gives
the additional costs estimated for these bridges as a result of the considered Alternative
Scenario. Thetotal impact cost is not different from that in Table B-2.4.1 for 1999.

Furthermore, the parameters used in the TWH prediction for the Alternative
Scenario, &, &, b, and by, are examined for their influence on the cost impact. Two
cases of these parameters are included in this sensitivity analysis. The first one has
a1=a=5% and b;=b,=10%. The second one has &=a,=15% and b;=b,=30%. The results
are compared with those presented in Table B-2.4.1 where ay=a,=10% and b;=b,=20%.
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The mean and standard deviation values for the top 20 % of the TWHSs studied are shown
in Table B-2.4.3 for these cases. Little difference is seen in DLCF among these three
cases of the parameter values. These changes in &, &, b;, and b, for this Michigan
example increase W* and decrease 0*. As aresult, AFqesgn defined in Eq.3.6.1.3 changes
very little. Thus, the total costs remain amost constant for these cases of the window
parameters.

Physically, shifting of payloads from a group of vehicles with lower GVW to
another group with higher GVW caused the top 20 % of the TWH to be less scattered.
Thus, when the mean value W* increases, the variation described by o decreases. Note
that this is observed in the Michigan data used here and it is not necessarily always true
for other bridge networks and for other scenarios.

5. Conclusions for this cost impact category

It appears that the cost for this category is zero. It is because current design load
(HS25) induces higher load effect than the 3S3 vehicles, and the TWH for the Alternative
Scenario will reduce variation in truck loads to these bridges.

B-25 Summary

Table B-2.5.1 summarizes the cost results for this example, considering legalizing
the 3S3 configurations for the state of Michigan. It isshown that Cost Impact Category 3
for treating deficient bridges is the dominant contributor to the total impact costs. Thisis
consistent with an earlier TRB study (Moses 1989), covering the entire nation for several
scenarios of truck weight limit changes. It indicates that application of the recommended
methodology should spend adequate attention on this item in acquiring reliable input
data, unless there are data to indicate otherwise. Further, additional costs for new bridges
may also become significant as shown in the Idaho example.

Copyright National Academy of Sciences. All rights reserved.
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DESIGNATED PILOT PROJECT ROUTES
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Fig.B-1.1.1 Designated Routes for Permit Weight Limit Increase in Idaho
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Fig.B-1.1.2  Location of Bridge No. 14520 and WIM Station in Idaho
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Fig. B-1.3.1 Truck Models Developed by Idaho Transportation Department
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Fig. B-2.1.1 3S3 Truck Model under Alternative Scenario for the Michigan Example
(1 kn=0.225kips, 1 m = 3.25 ft)
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Fig. B-2.3.1 Michigan DOT Current Rating Vehicle (Axle Weights in kips)
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TableB-1.1.1 Remaining Fatigue Life (Year) of Bridge 14520 for |daho Example
Scenario 3
Scenario 1 Scenario 2 5 axle shifted to 105k* 5 axle shifted to 129

(Stress Range Sr) (StressRange Sr)  (StressRange Sr) (Stress Range Sr)

MenalLife SafeLife Menalife SafeLife MenaLifeSafe Life MenaLifeSafe Life

Base Case 206 126 201 120 201 120 201 120
(1.92 ksi (1.98 ksi (1.98 ksi (1.98 ksi
13.3 MPa) 13.7 Mpa) 13.7 Mpa) 13.7 Mpa)
Altenative Scenario 201 121 196 115 183 104 174 95
(1.99 ksi (2.06 ksi (2.22 ksi (2.36 ksi
13.7 MPa) 14.2 MPa) 15.3 Mpa) 16.3 Mpa)

* See the 105k and 129k truck modelsin Fig.B-1.3.1
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TableB-1.1.2

TableB-1.1.3

Sensitivity of Shifting Window Parameters for Scenario 2
Shifting Window Parameters Expected Cost Impact
a1 = a = 5%, b1 :bz =10% $0.000
&= ay = 10%, by =b, =20% (reference case) $0.000
a1 = a = 15%, b1 :bz =30% $0.000

Sensitivity of Impact Factor for Scenario 2
Impact Factor | Expected Cost Impact
=110 $0.000
| = 1.15 (reference case) $0.000
1 =1.30 $0.000

Copyright National Academy of Sciences. All rights reserved.
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Table B-1.2.1 RC Deck Cost Impact for Idaho Example (Scenario 1)

Deck
Number |Area Expected
of Represen Cost for
Deck Bridges |[ted by the Expected [the
Bridge |Year Area(sg |Represen|Bridge |Increased |Unit Cost|Group
ID Built ft) ted (sqft) |Pf ($Isqft) |(%)
12560 1980 8566 8 31702 | 6.728E-03| 0.12783 | 4052
13730 1976 4994 10 84385 |5.448E-03| 0.10351| 8735
14520 1966 25925 8 75552 | 5.219E-03| 0.09917 | 7492
15220 1956 2739 6* 20688 | 7.366E-03| 0.13995| 2895
16641 1995 15552 4 57121 | 1.252E-02| 0.23782 | 13585
17565 1949 1587 3 5379 |[3.429E-03| 0.06516 | 350
Total 37110

* Another bridge (ID=17570) was used to check sensitivity of sampling, and the same result

was obtained as that for bridge 15220.

Copyright National Academy of Sciences. All rights reserved.
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Table B-1.2.2 RC Deck Cost Impact for Idaho Example (Scenario 2)

Deck
Number |Area Expected
of Represen Cost for
Deck Bridges |ted by the) Expected [the
Bridge |Year Area(sq |Represen |Bridge Unit Cost|Group
ID Built ft) ted (sqft) |Increased Pf [($/sqft) (($)
12560 1980 8566 8 31702 1.780E-03 | 0.03382| 1072
13730 1976 4994 10 84385 1.453E-03 | 0.02760 | 2329
14520 1966 25925 8 75552 2.936E-03 | 0.05578 | 4214
15220 1956 2739 6* 20688 2.967E-03 | 0.05637 | 1166
16641 1995 15552 4 57121 1.685E-03 | 0.03202 | 1829
17565 1949 1587 3 5379 | 0.000549168 | 0.01043 56
Tota 10667

* Another bridge (ID=17570) was used to check sensitivity of sampling, and the same
result was obtained as that for bridge 15220

Copyright National Academy of Sciences. All rights reserved.
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Table B-1.2.3 RC Deck Cost Impact for Idaho Example (Scenario 3)

Lower bound case: 5 axle truck shifting to 105 k truck in Fig.B-1.3.1

Deck
Number |Area Expected
of Represen Cost for
Deck Bridges |[ted by the Expected [the
Bridge |Year Area(sq |Represen|Bridge [Increased |Unit Cost|Group
ID Built ft) ted (sqft) |Pf ($/sgft) |($)
12560 1980 8566 8 31702 | 0.000E+00| 0.00000 0
13730 1976 4994 10 84385 | 0.000E+00| 0.00000 0
14520 1966 25925 8 75552 | 0.000E+00| 0.00000 0
15220 1956 2739 6* 20688 | 0.000E+00| 0.00000 0
16641 1995 15552 4 57121 | 0.000E+00| 0.00000 0
17565 1949 1587 3 5379 | 0.000E+00| 0.00000 0
Total 0
Lower bound case: 5 axle truck shifting to 129 k truck in Fig.B-1.3.1
Deck
Number |Area Expected
of Represen Cost for
Deck Bridges |[ted by the Expected [the
Bridge |Year Area(sq |Represen|Bridge [Increased |Unit Cost|Group
ID Built ft) ted (sqft) |Pf ($/sg ft) |($)
12560 1980 8566 8 31702 | 0.000E+00| 0.00000 0
13730 1976 4994 10 84385 | 0.000E+00| 0.00000 0
14520 1966 25925 8 75552 | 0.000E+00| 0.00000 0
15220 1956 2739 6* 20688 | 0.000E+00| 0.00000 0
16641 1995 15552 4 57121 | 0.000E+00| 0.00000 0
17565 1949 1587 3 5379 | 0.000E+00]| 0.00000 0
Total 0

* Another bridge (ID=17570) was used to check sensitivity of sampling, and the same result

was obtained as that for bridge 15220.
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Table B-1.3.1 Calculation Details for Overstress Deficiency in Existing Bridges For Idaho Example (to be continued)

Bridge ID

12015
12020
12560
12565
12570
12580
12585
12590
12595
12600

12605
12620
12625
12630
12635
12645
12650
12654
12660
12665

12970
12975
13040
13045
13150
13155
13160
13165
13170
13175

13180
13185
13190
13195
13635
13705
13710
13715
13720
13725

EXISTING RATING FACTORS:

INVNTRY

Rating Vehicle Type 3S2 Type 3-3 Type 3S2 Type 3-3

1.332
1.378
1.051
1.051
1.241
1.324
0.890
0.890
1.500
1.376

1.345
1.096
0.647
1.422
1.011
1.379
1.368
1.656
0.796
1.320

0.794
0.807
0.894
0.917
1.303
1.084
2.900
1.179
1.667
1.721

1.478
0.976
0.992
1.004
1.381
1.154
1.280
1.409
0.948
0.948

1.332
1.378
1.141
1.141
1.523
1.667
0.867
0.867
1.886
1.721

1.614
1.348
0.747
1.784
1.257
1.555
1.639
1.969
1.000
1.232

1.000
1.014
0.954
1.128
1.478
1.016
3.846
1.208
1.578
1.615

1.617
1.058
0.969
1.004
1.726
1.235
1.280
1.320
0.905
0.905

OPRTNG

2.147
2.229
1.751
1.751
2.062
2.208
1.484
1.484
2.500
2.293

2.238
1.570
1.399
2.351
2.086
1.697
1.739
2.057
1.316
1.716

2.065
1.341
1.490
1.517
2171
1.738
4.800
1.529
2.083
2.179

1.930
1.533
1.674
1.659
2.304
1.923
1.875
2.156
1.419
1.419

2.031
2.108
1.902
1.902
2.577
2.760
1.445
1.445
3.143
2.868

2.686
1.931
1.616
2.939
2.147
1.914
2.084
2.446
1.645
1.601

2.581
1.676
1.591
1.897
2.462
1.630
6.385
1.565
1.972
2.043

2.110
1.662
1.634
1.659
2.881
2.040
1.841
2.020
1.355
1.355

RATING FACTORS UNDER ALTERNATIVE SCENARIO:
Scenario 3-105 kips

Scenario 1

INVNTRY OPRTNG

129K

1.233
1.275
0.621
0.621
1.118
1.262
NA
NA
1.444
1.164

1.150
0.949
NA
1.377
0.928
1.324
1.201
1.457
NA
1.015

NA
NA
NA
NA
1.227
0.837
3.259
0.947
1.369
1.355

1.290
0.833
0.774
0.948
1.106
0.979
1.025
1.113
NA
NA

129K

1.706
1.771
1.034
1.034
1.876
2.059
1.166
1.166
2.407
1.939

1.913
1.360
1.232
2.305
1.549
1.621
1.527
1.809
1.322
1.319

2.260
1.206
1.262
1.552
2.044
1.343
5.394
1.230
1.710
1.786

1.683
1.309
1.306
1.579
1.845
1.493
1.433
1.548
1.127
1.127

Scenario 2

INVNTRY OPRTNG

129K

1.348
1.394
0.675
0.675
1.216
1.372
NA
NA
1.559
1.257

1.241
1.023
NA
1.484
1.011
1.442
1.289
1.563
NA
1.087

NA
NA
NA
NA
1.314
0.881
3.488
0.997
1.441
1.427

1.358
0.883
0.821
0.997
1.255
1.057
1.118
1.220
NA
NA

129k

1.866
1.936
1.125
1.125
2.041
2.237
1.258
1.258
2.599
2.093

2.065
1.465
1.327
2.484
1.687
1.765
1.639
1.941
1.423
1.412

2.287
1.255
1.264
1.554
2.190
1.414
5.773
1.295
1.801
1.881

1.773
1.387
1.384
1.661
2.093
1.612
1.562
1.697
1.225
1.225

INVNTRY OPRTNG

129K

1.325
1.370
0.651
0.651
1.226
1.381
NA
NA
1.567
1.264

1.249
1.030
NA
1.493
0.986
1.407
1.296
1.571
NA
1.064

NA
NA
NA
NA
1.253
0.881
3.303
0.995
1.439
1.424

1.355
0.884
0.821
0.995
1.240
1.067
1.099
1.195
NA
NA

129K

1.834
1.903
1.084
1.084
2.056
2.252
1.265
1.265
2.612
2.105

2.077
1.474
1.336
2.499
1.646
1.722
1.647
1.951
1.370
1.383

2.392
1.238
1.319
1.622
2.089
1.413
5.468
1.292
1.798
1.877

1.769
1.389
1.385
1.657
2.068
1.626
1.536
1.661
1.234
1.234

Scenario 3-129 kips

INVNTRY OPRTNG

129K

1.147
1.186
0.532
0.532
1.064
1.198
NA
NA
1.360
1.097

1.084
0.894
NA
1.297
0.853
1.217
1.124
1.363
NA
0.921

NA
NA
NA
NA
1.081
0.764
2.848
0.863
1.247
1.235

1.175
0.767
0.712
0.863
0.985
0.926
0.952
1.034
NA
NA

129 k

1.588
1.648
0.886
0.886
1.784
1.954
1.098
1.098
2.267
1.827

1.803
1.280
1.160
2.170
1.423
1.489
1.429
1.693
1.183
1.196

2.212
1.125
1.218
1.498
1.802
1.226
4.713
1.120
1.559
1.628

1.534
1.205
1.201
1.437
1.642
1411
1.330
1.438
1.072
1.072

Tv-d
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Table B-1.3.1 Calculation Details for Overstress Deficiency in Existing Bridges For Idaho Example (continued)

Bridge
ID

13730
13740
13745
13750
13985
13990
13995
14000
14005
14010

14015
14020
14025
14030
14515
14520
14525
15220
15226
16631

16635
16641
16645
17450
17455
17460
17560
17565
17570
17576

17595
17600
17605

Note:

EXISTING RATING FACTORS:

INVNTRY

Type 3S2 Type 3-3 Type 3S2 Type 3-3

0.948
1.407
1.000
1.232
1.253
2.122
1.390
1.069
1.213
1.056

0.875
1.458
2.857
1.317
1.059
1.405
1.327
1.286
2.678
1.354

1.370
1.455
1.014
1.318
0.891
0.763
0.920
0.753
1.155
1.453

0.987
1.124
1.362

0.905
1.370
1.250
1.386
1.291
2.636
1.727
1.126
1.500
1.284

1.089
1.443
3.478
1.497
1.333
1.362
1.327
1.362
2.657
1.566

1.370
1.419
0.983
1.657
1.004
0.951
1.150
0.753
1.102
1.409

0.987
1.124
1.350

OPRTNG

1.419
1.788
1.673
2.033
2.062
3.572
2.323
1.780
2.032
1.754

1.452
1.832
4.755
1.988
1.765
2.341
2.010
2117
3.278
2.256

2.276
2.425
1.690
2.204
1.485
1.257
1.525
1.249
1.924
1.823

1.635
1.874
2.074

1.355
1.742
2.091
2.295
2.139
4.466
2.883
1.875
2.523
2.130

1.815
1.814
5.944
2.260
2.222
2.271
1.936
2.180
3.252
2.605

2.278
2.365
1.638
2.755
1.673
1.572
1.907
1.249
1.837
1.769

1.643
1.874
2.058

RATING FACTORS UNDER ALTERNATIVE SCENARIO:
Scenario 3-105 kips

Scenario 1

INVNTRY OPRTNG

129K

NA
1.014
0.987
1.053
1.009
1.909
1.207
0.968
1.057
0.928

NA
1.207
2.862
1.183
1.045
1.075
1.212
1.172
2.089
1177

1.250
0.938
0.585
1.192
NA
NA
NA
NA
0.935
1.110

1.449
1.053
1.087

129K

1.127
1.289
1.642
1.745
1.752
3.207
2.024
1.592
1.772
1.546

1.467
1.516
4.803
1.786
1.741
1.791
1.550
1.876
2.557
1.955

2.083
1.564
0.974
1.975
1.299
1.180
1.507
1.248
1.559
1.393

1.449
1.620
1.693

Scenario 2

INVNTRY OPRTNG

129K

NA
1.102
1.074
1.160
1.042
1.922
1.215
0.999
1.063
0.934

NA
1.246
2.896
1.197
1.083
1.115
1.255
1.181
2.273
1.259

1.339
1.023
0.628
1.277
NA
NA
NA
NA
0.997
1.186

0.949
1.122
1.172

129k

1.225
1.401
1.785
1.923
1.810
3.229
2.036
1.645
1.783
1.556

1.486
1.566
4.858
1.807
1.805
1.857
1.605
1.890
2.783
2.091

2.231
1.706
1.045
2.115
1.391
1.264
1.627
1.347
1.663
1.489

1.551
1.727
1.826

INVNTRY OPRTNG

129K

NA
1111
1.080
1.137
1.050
2.015
1.273
0.994
1.115
0.979

NA
1.255
3.043
1.258
1.105
1.137
1.273
1.239
1.967
1.190

1.272
0.993
0.595
1.212
NA
NA
NA
NA
1.001
1.191

0.952
1.126
1.133

129k

1.234
1.411
1.796
1.885
1.823
3.385
2.134
1.635
1.868
1.631

1.557
1.577
5.106
1.899
1.842
1.895
1.629
1.983
2.408
1.977

2.119
1.656
0.991
2.007
1.320
1.198
1.636
1.355
1.669
1.495

1.557
1.734
1.764

= Additional deficient bridges due to overstress under the Alternativce Scenario

Scenario 3-129 kips

INVNTRY OPRTNG

129K

0.716
0.964
0.938
0.984
0.960
1.864
1.177
0.905
1.031
0.905

NA
1.147
2.817
1.165
1.015
1.043
1.166
1.146
1.544
1.013

1.081
0.840
0.506
1.030
NA
NA
NA
NA
0.869
1.034

0.826
0.977
0.979

129k

1.072
1.225
1.559
1.631
1.666
3.131
1.974
1.489
1.728
1.508

1.439
1.442
4.727
1.758
1.690
1.739
1.492
1.834
1.890
1.683

1.801
1.400
0.843
1.706
1.122
1.019
1.420
1.176
1.448
1.297

1.351
1.504
1.524
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Table B-1.3.2 Agency Specific New Bridge Cost - Idaho Transportation Department

Bridge ID Year Built Total Cost in Y1998 Dollars

1 12831 1995 $67.42
2 14294 1995 $52.10
3 16631 1995 $63.85
4 18031 1995 $92.77
5 20011 1995 $73.06
6 21101 1995 $55.74
7 21526 1995 $66.32
8 26086 1995 $48.16
9 10201 1996 $98.87
10 12096 1996 $54.87
11 13621 1996 $38.13
12 13856 1996 $110.11
13 14297 1996 $56.13
14 15769 1996 $94.09
15 19706 1996 $44.10
16 21126 1996 $55.59
17 21661 1996 $62.38
18 22256 1996 $64.80
19 31686 1996 $137.93
20 10141 1997 $92.39
21 10396 1997 $91.67
22 13608 1997 $72.95
23 18446 1997 $94.36
24 22151 1997 $84.16
25 25341 1997 $66.07
26 26261 1997 $43.85
Average $72.38

Copyright National Academy of Sciences. All rights reserved.
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TableB-1.4.1

New Bridge Cost Impact for Idaho Example for Scenarios 1 and 2 (from 1993 to 1998 inclusive)

Scenario 1 Scenario 2
Max Cost Cost
. . Span Increase  Cost Increase  Cost
BridgeID Yr built Length \rea(sgm Type DLCF Coefficie  Impact DLCF Coefficie  Impact
(m) nt nt
12654 1994 9 130 sssConcret] 1.191 0.0482 $4,723 1.069 0.0173 $1,699
15226 1993 32 3168 Concrete { 1.191 0.0109 $25966 | 1.069 0.0039  $9,343
16631 1995 6 192 retedab S| 1191 0.0560  $8,103 1.069 0.0201 $2,915
16641 1995 28 1424 € Continy 1.477 01983 $212,781| 1.325 0.1353 $145,192
17576 1994 30 576 ssConcret] 1.285 0.0156  $6,749 1153 0.0084  $3,631
Total  $258,322 Total  $162,780
Average Annual Cost Impact $258,322/ 6= $43,054 $162,780/6= $27,130
Total Cost for 20 Years $861,080 $542,600

-4
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TableB-1.4.2

New Bridge Cost Impact for daho Example for Scenario 3

Scenario 3 - shifting to 105k*

Scenario 3 - shifting to 129k*

Max Cost Cost
BridgelD Yrbuilt P yea(sgym Type | DoLp nereEse Cost o oo dnorease o et
Length Coefficie  Impact Coefficie
(m) nt nt
12654 1994 9 130.0 ssConcret] 1.060 0.0152  $1,485 1.248 0.0627 $6,139
15226 1993 32 3168.0 Concrete { 1.060 0.0034  $8,166 1248 0.0141 $33,752
16631 1995 6 1920 retedab § 1.060 0.0176  $2,548 1.248 0.0728 $10,532
16641 1995 28 1424.0 € Contind 1.315 0.1312 $140,748| 1548 0.2279 $244,516
17576 1994 30 576.0 ssConcret] 1.144 0.0079  $3,409 1.347 0.0189 $8,210
$156,357 $303,148
Average Annual Cost Impact $156,357/ 6= $26,059 $303,148/6= $50,525
Total Cost for 20 Years $521,180 $1,010,500

* See new truck modelsin Fig. B-1.3.1

Gb-d
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TableB-1.5.1 Summary of Expected Cost Impact for Idaho Example

Scenario 1 — Practiced Situation of 129K Permissible for the Pilot Routes
Estimated Expected Costs
Cost Category 1: Steel fatigue $0
Cost Category 2: RC deck fatigue $37,100
Cost Category 3: Deficient existing bridges $6,000 ($1,032,200 if replacement)
Cost Category 4: New deficient bridges $861,100
Total $904,200 in Y 1998 dollars
(%$1,930,400 if replacement for Category 3)

Scenario 2 — Hypothetical Situation of 129K Permissible for the Entire State

Estimated Expected Costs
Cost Category 1: Steel fatigue $0
Cost Category 2: RC deck fatigue $10,700

Cost Category 3: Deficient existing bridges $0
Cost Category 4: New deficient bridges $542,600
Tota $552,300 in Y 1998 dollars

Scenario 3 - Hypothetical Situation of 129K Legalized for the Entire State

Estimated Expected Costs
Cost Category 1: Steel fatigue $0
Cost Category 2: RC deck fatigue $0

Cost Category 3: Deficient existing bridges $0 to $18,000 ($0 to $2,083,100 if replacement)
Cost Category 4: New deficient bridges $521,200 to $1,010,500
Total $521,200 to $1,028,500 Y 1998 dollars
($521,200 to $3,093,600 if replacement
for Category 3)

Copyright National Academy of Sciences. All rights reserved.
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Table B-1.6.1 Percentage of Trucks Exceeding Inventory Rating - Scenario 3
Bridge |Functional| 5 axletrucks S s?w)ﬂ‘ﬁ H;E[:cl)(s Bridge |Functional| 5axletrucks | 5axletrucks
ID Class [ shifting to 105k 129k ID Class | shifting to 105k | shifting to 129k

12015 2 0.00% 0.54% 13730 2 21.09% 19.59%
12020 2 0.00% 0.18% 13740 2 0.45% 15.02%
12560 14 13.07% 11.30% 13745 2 0.45% 15.02%
12565 14 13.07% 11.30% 13750 2 0.00% 10.54%
12570 2 0.00% 2.62% 13985 7 0.33% 11.55%
12580 2 0.00% 0.18% 13990 7 0.00% 0.00%
12585 2 21.77% 19.59% 13995 7 0.00% 0.14%
12590 2 21.77% 19.59% 14000 7 1.03% 14.06%
12595 2 0.00% 0.00% 14005 7 0.00% 4.85%
12600 2 0.00% 1.70% 14010 7 1.03% 14.06%
12605 2 0.00% 2.62% 14015 7 2.22% 14.68%
12620 2 1.42% 18.32% 14020 7 0.00% 0.43%
12625 2 21.77% 19.59% 14025 7 0.00% 0.00%
12630 2 0.00% 0.00% 14030 7 0.00% 0.14%
12635 2 3.06% 19.01% 14515 7 0.00% 4.85%
12645 2 0.00% 0.00% 14520 7 0.00% 4.85%
12650 2 0.00% 0.54% 14525 7 0.00% 0.14%
12654 2 0.00% 0.00% 15220 7 0.00% 0.43%
12660 2 21.09% 19.59% 15226 17 0.00% 0.00%
12665 2 1.42% 18.32% 16631 6 0.00% 5.00%
12970 7 0.00% 0.43% 16635 6 0.00% 2.12%
12975 7 15.85% 15.14% 16641 6 5.58% 15.86%
13040 7 15.35% 15.14% 16645 6 17.95% 15.86%
13045 7 1.03% 14.06% 17450 6 0.00% 5.00%
13150 2 0.00% 2.62% 17455 6 17.95% 15.86%
13155 2 18.92% 19.59% 17460 6 17.95% 15.86%
13160 2 0.00% 0.00% 17560 2 3.06% 19.01%
13165 2 3.06% 19.01% 17565 2 21.09% 19.59%
13170 2 0.00% 0.00% 17570 2 3.06% 19.01%
13175 2 0.00% 0.00% 17576 2 0.00% 6.16%
13180 2 0.00% 0.18% 17595 2 6.77% 19.59%
13185 2 18.92% 19.59% 17600 2 0.00% 10.54%
13190 2 21.09% 19.59% 17605 2 0.00% 10.54%
13195 2 3.06% 19.01%

13635 14 0.00% 5.67%

13705 2 1.42% 18.32%

13710 2 0.45% 15.02%

13715 2 0.00% 6.16%

13720 2 21.09% 19.59%

13725 2 21.09% 19.59%

Copyright National Academy of Sciences. All rights reserved.
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TableB-2.1.1 Sample Bridges for Michigan Example
Cost Impact Analysis: Steel Bridge Fatigue

Order BridgelD

OO ~NOO U WNPE

=
o

11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40

41
42
43
44
45
46
47

975
994
12344
12240
11988
5578
12282
9244
12032
6998

1136
12321
12089
12077

9273

5198
12207

2749

1678

5193

2756
6556
9298
771
5565
10624
6333
10663
5437
6878

5918
9294
1048
10614
4141
3873
7256
4632
5126
2764

6993
12662
5038
4132
3923
5624
1395

Represent'd
Group

by

Year Built

1961-70
1961-70
<1941

<1941

1941-50
1941-50
1951-60
1951-60
1951-60
1961-70

1961-70
1961-70
1971-80
1971-80
1971-80
1971-80
1951-69
1961-70
1971-80
1971-80

1971-80
1971-80
1971-80
1971-80
1961-70
1961-70
1961-70
1961-70
1961-70
1951-60

1951-60
1951-60
1951-60
1941-50
1941-50
1941-50
1941-50
1941-50
1931-40
1931-40

1931-40
1931-40
1931-40
<1930
<1930
<1930
<1930

by by
Max. Span Jurisdiction
Length

50-60m Local
40-50m Local
<10m Local
10-20m Local
<10m Local
10-20m Local
<10m Local
10-20m Local
20-30m Local
<10m Local
10-20m Local
20-30m Local
<10m Local
10-20m Local
20-30m Local
30-40m Local
>40m Local
>40m Local
>40m Local
40-50m Local
30-40m Local
20-30m Local
10-20m Local
<10m Local
20-30m Local
<10m Local
<10m Local
10-20m Local
10-20m Local
<10m Local
10-20m Local
10-20m Local
20-30m Local
<10m Local
<10m Local
10-20m Local
10-20m Local
20-30m Local
20-30m Local
10-20m Local
10-20m Local
<10m Local
<10m Local
<10m Local
<10m Local
10-20m Local
10-20m Local

by by
Beam Type Span Type

PlateGirder Continuous
PlateGirder Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous

RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
PlateGirder Simple
PlateGirder Simple
PlateGirder Simple
RolledBeam Simple

RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

Number of

Bridges

How Many
Bridges

in the Group Represent

w

P FRPRERPRPRPFPOONDNDOOO®

1
20
53
21
17

87(A)
87(B)

123(A)

123(B)
36

94(A)
94(B)
20
71(A)
71(B)
104(A)
104(B)
9
7
176(A)

176(B)
143(A)
143(B)
306(A)
306(B)
180(A)
180(B)

the Group?

NFRPRPNMNNMNNNRENN P NOMNNNRRRRR RPRRPRRPRRPRRPRRERE R P RRPRRPRRPRRPRRRERRR

NNNNNNDN
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Focused Details
Exist? / Remarks

Yes

Yes

No

No

No

No

No

No

No

To Be Replaced

No
Yes
No
No
Yes
No
No
No
No
No

No Plans Available
No

No

Yes

No

No

No

No

No

No

No

Yes

No

To Be Repalced
No

No

No

No

No

No Plans Available
No
No Plans Available
No
No
No Plans Available
No


http://www.nap.edu/21956

Effect of Truck Weight on Bridge Network Costs

<1930
1971-80
1961-70

1971-80
1971-80
1961-70
1961-70
1961-70
<1940

<1940

1941-50
1951-60
1951-60

1961-70
1961-70
1961-70
1971-80
1971-80
1941-50
1951-60
1961-70
1971-80
1971-80

1971-80
<1940
<1940
<1940
<1940
1941-50
1941-50
1941-50
1941-50
1951-60

1951-60
1951-60
1951-60
1951-60
1961-70
1961-70
1961-70
1961-70
1961-70
1961-70

1971-80
1971-80
1971-80

20-30m
40-50m
60-70m

70-80m
50-60m
>90m

50-60m
40-50m
10-20m
>40m

10-20m
10-20m
20-30m

20-30m
30-40m
10-20m
10-20m
20-30m
40-50m
40-50m
40-50m
50-60m
40-50m

40-50m
10-20m
10-20m
20-30m
<10m

20-30m
<10m

10-20m
10-20m
<10m

20-30m
20-30m
10-20m
10-20m
20-30m
20-30m
10-20m
10-20m
30-40m
<10m

30-40m
20-30m
10-20m

Local
State
State

State
State
State
State
State
State
State
State
State
State

State
State
State
State
State
State
State
State
State
State

State
State
State
State
State
State
State
State
State
State

State
State
State
State
State
State
State
State
State
State

State
State
State

RolledBeam Simple
PlateGirder Continuous
PlateGirder Continuous

PlateGirder Continuous
PlateGirder Continuous
PlateGirder Continuous
PlateGirder Continuous
PlateGirder Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous

RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
RolledBeam Continuous
PlateGirder Simple
PlateGirder Simple
PlateGirder Simple
PlateGirder Simple
PlateGirder Simple

PlateGirder Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

RolledBeam Simple
RolledBeam Simple
RolledBeam Simple

There is another bridge representing the same group

48 12222
49 5327
50 11467
51 8336
52 11840
53 11716
54 11505
55 11850
56 7129
57 9115
58 11406
59 11444
60 11431
61 2646
62 635
63 11732
64 2093
65 11575
66 9986
67 7173
68 1241
69 6106
70 11944
71 6708
72 3449
73 2095
74 3127
75 384
76 9478
77 3462
78 2949
79 94
80 882
81 11246
82 2507
83 11192
84 4440
85 3770
86 1209
87 7833
88 9158
89 9753
90 4242
91 8431
92 9143
93 2583
A and B:
1m=3.28ft

Copyright National Academy of Sciences. All rights reserved.
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=
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31
41

13

24
13
86(A)

86(B)
161(A)
161(B)

5
15
7
9
87(A)
87(B)
2

128(A)
128(B)
243(A)
243(B)
500(A)
500(B)
339(A)
339(B)

8

6

6
16
8

P

PNNRPRPRPRLRNNDN NRPRRRPRRRERRR PRRPRRRPRRRERRR

P FEPNNNNNDNDNDN

P
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No
No
No Plans Available

No
No
Yes
Yes
No
No
No
No
No
No

No
No
Yes
No
No
No
No
No
No
Yes

No
No
No
No Plans Available
No
No
No Plans Available
No
No
No Plans Available

No

No

No

No

No Plans Available
Yes

Yes

Yes

Yes

No

Yes
Yes
No Plans Available
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TableB-2.1.2  Steel Fatigue Cost Impact for Michigan Example
(al=a2=10%, b1=b2=20%, 1=15%, traffuc growth factor u from NBI)
Number of , Remaining - Remaining Remaining Expected
Bridge ID Bridgesin Fu?:(l:':;nal Mean Life for E?Lnfalo?gg?sfs Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(Yr) AS(YT) Group
975 1 16 191 50 182 45 9.00E-04 $1
994 2 7 122 69 120 67 7.64E-08 $0
1048 20 16 1250 697 1220 671 0.00E+00 $0
1209 500(B) 11 232 67 221 61 2.44E-04 $115
5565 17 7 875 597 865 587 0.00E+00 $0
7833 339(A) 12 140 6 125 2 1.63E-02 $4,272
8431 6 1 185 115 181 111 4.75E-14 $0
9143 16 11 642 277 621 262 4.02E-12 $0
9158 339(B) 19 290 211 282 204 0.00E+00 $0
9273 5 7 109 65 108 63 7.56E-09 $0
9753 8 7 107 79 106 78 0.00E+00 $0
11505 1 14 22 -11 20 -13 2.87E-02 $92
11716 1 11 106 1 97 -2 1.69E-02 $23
11732 41 11 120 3 110 0 1.45E-02 $1,037
11944 86(A) 17 223 158 219 154 0.00E+00 $0
12321 5 14 49 1 46 0 2.71E-02 $284
Tota
755 Y 1998 cost
Y 2000 cost $6,179

A and B: There is another bridge which jointly represents the same group of bridges

0s-d
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TableB-2.1.3  Steel Fatigue Cost Impact for Michigan Example
Sensitivity Analysis (al=a2=5%, b1=b2=10%, 1=15%, traffic growth factor u from NBI)

‘panIasal sybul | “S22ualIds Jo Awapeay [euonen 1ybuAdod

Number of Functional Remaining Remaining Safe Remaining Remaining Expected
Bridge ID Bridgesin Class Mean Life for Life for BC (Y1) Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(Yr) AS(YT) Group

975 1 16 191 50 187 48 3.27E-04 $0

994 2 7 122 69 121 68 2.74E-08 $0
1048 20 16 1250 697 1237 686 0.00E+00 $0
1209 500(B) 11 232 67 226 64 1.10E-04 $52
5565 17 7 875 597 871 593 0.00E+00 $0
7833 339(A) 12 140 6 134 5 6.36E-03 $1,671
8431 6 1 185 115 183 113 1.32E-14 $0
9143 16 11 642 277 631 269 1.27E-12 $0
9158 339(B) 19 290 211 286 208 0.00E+00 $0
9273 5 7 109 65 108 64 2.64E-09 $0
9753 8 7 107 79 107 78 0.00E+00 $0
11505 1 14 22 -11 21 -12 1.20E-02 $39
11716 1 11 106 1 101 -1 8.45E-03 $11
11732 41 11 120 3 115 2 7.26E-03 $517
11944 86(A) 17 223 158 221 156 0.00E+00 $0
12321 5 14 49 1 48 1 1.10E-02 $115

Total
[ 755 ] Y 1998 cost

Y 2000 cost $2,553

A and B: There is another bridge which jointly represents the same group of bridges
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TableB-2.1.4  Steel Fatigue Cost Impact for Michigan Example
Sensitivity Analysis (al=a2=15%, b1=b2=30%, |=15%, traffic growth factor u from NBI)
Number of , Remaining - Remaining Remaining Expected
Bridge ID Bridgesin Fu?:(l:':ssnal Mean Life for E?;n%?g?:?fg Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(YT) AS(Yr) Group
975 1 16 191 50 178 43 1.37E-03 $2
994 2 7 122 69 119 66 1.18E-07 $0
1048 20 16 1250 697 1208 660 0.00E+00 $0
1209 500(B) 11 232 67 218 59 3.70E-04 $174
5565 17 7 875 597 862 584 0.00E+00 $0
7833 339(A) 12 140 6 119 1 2.35E-02 $6,182
8431 6 1 185 115 179 109 1.13E-13 $0
9143 16 11 642 277 613 257 8.17E-12 $0
9158 339(B) 19 290 211 279 201 0.00E+00 $0
9273 5 7 109 65 107 63 1.19E-08 $0
9753 8 7 107 79 106 77 0.00E+00 $0
11505 1 14 22 -11 19 -13 3.97E-02 $128
11716 1 11 106 1 94 -3 2.36E-02 $32
11732 41 11 120 3 107 -1 2.04E-02 $1,452
11944 86(A) 17 223 158 218 153 0.00E+00 $0
12321 5 14 49 1 45 -1 3.81E-02 $400
Tota
755 Y 1998 cost
Y 2000 cost $8,879

A and B: There is another bridge which jointly represents the same group of bridges
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A and B: There is another bridge which jointly represents the same group of bridges

TableB-2.1.5 Steel Fatigue Cost Impact for Michigan Example
Sensitivity Analysis (al=a2=10%, b1=b2=20%, |=10%, traffic growth factor u from NBI)
Number of . Remaining - Remaining Remaining Expected
Bridge ID Bridgesin Futhalssnal Mean Life for 5??%?'2%??3 Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(YT) AS(Yr) Group
975 1 16 206 58 196 53 4.38E-04 $1
994 2 7 126 73 124 71 1.49E-08 $0
1048 20 16 1298 741 1268 714 0.00E+00 $0
1209 500(B) 11 249 77 238 71 1.00E-04 $47
5565 17 7 898 620 889 610 0.00E+00 $0
7833 339(A) 12 162 12 145 7 1.25E-02 $3,292
8431 6 1 191 120 187 117 2.66E-15 $0
9143 16 11 677 303 655 287 2.28E-13 $0
9158 339(B) 19 296 218 289 211 0.00E+00 $0
9273 5 7 113 69 111 67 1.20E-09 $0
9753 8 7 109 81 108 80 0.00E+00 $0
11505 1 14 25 -9 23 -11 3.04E-02 $98
11716 1 11 122 5 112 2 1.38E-02 $19
11732 41 11 138 8 127 5 1.15E-02 $823
11944 86(A) 17 228 163 225 160 0.00E+00 $0
12321 5 14 54 4 51 3 2.43E-02 $255
Tota
755 Y 1998 cost
Y 2000 cost $4,811

€5-d

$150D lomiaN abpug uo 1yBIan Yoni Jo 10913


http://www.nap.edu/21956

‘panIasal sybul | “S22ualIds Jo Awapeay [euonen 1ybuAdod

¥S-d

A and B: There is another bridge which jointly represents the same group of bridges

TableB-2.1.6  Steel Fatigue Cost Impact for Michigan Example
Sensitivity Analysis (al=a2=10%, b1=b2=20%, |=30%, traffic growth factor u from NBI)
Number of . Remaining - Remaining Remaining Expected
Bridge ID Bridgesin Futhalssnal Mean Life for E?;nfalo?g?:?gs Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(YT) AS(Yr) Group
975 1 16 152 29 143 25 4.14E-03 $6
994 2 7 109 57 107 55 3.64E-06 $0
1048 20 16 1117 582 1088 557 0.00E+00 $0
1209 500(B) 11 186 42 177 37 1.68E-03 $789
5565 17 7 810 534 801 524 0.00E+00 $0
7833 339(A) 12 92 -6 80 -8 2.74E-02 $7,207
8431 6 1 168 99 164 95 5.21E-11 $0
9143 16 11 549 213 528 200 2.85E-09 $0
9158 339(B) 19 271 194 264 186 0.00E+00 $0
9273 5 7 99 55 97 54 6.05E-07 $0
9753 8 7 100 72 99 71 7.66E-15 $0
11505 1 14 12 -16 10 -17 2.36E-02 $76
11716 1 11 69 -9 62 -11 2.48E-02 $34
11732 41 11 79 -8 72 -10 2.27E-02 $1,620
11944 86(A) 17 208 143 204 139 0.00E+00 $0
12321 5 14 36 -6 34 -8 3.01E-02 $316
Tota
755 Y 1998 cost
Y 2000 cost $10,659
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TableB-2.1.7  Steel Fatigue Cost Impact for Michigan Example
Sensitivity Analysis (al=a2=10%, b1=b2=20%, |=15%, traffic growth factor u from NBI plus 3%)
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Number of Functional Remaining Remaining Safe Remaining Remaining Expected
Bridge ID Bridgesin Class Mean Life for Life for BC (Y1) Mean Lifefor Safelifefor  Increased Pf Cost for
Group BC (Yr) AS(YT) AS(Yr) Group
975 1 16 64 24 62 22 5.09E-03 $7
994 2 7 65 38 64 37 3.16E-05 $0
1048 20 16 170 120 167 118 0.00E+00 $0
1209 500(B) 11 80 37 78 35 4.42E-04 $208
5565 17 7 189 144 188 142 0.00E+00 $0
7833 339(A) 12 54 10 51 8 2.58E-02 $6,786
8431 6 1 93 62 92 61 1.75E-10 $0
9143 16 11 128 81 126 78 5.03E-11 $0
9158 339(B) 19 135 102 132 99 0.00E+00 $0
9273 5 7 66 41 65 40 1.67E-06 $0
9753 8 7 69 50 68 49 1.40E-10 $0
11505 1 14 11 -11 10 -12 1.87E-02 $60
11716 1 11 47 6 45 4 2.48E-02 $34
11732 41 11 51 8 48 6 2.20E-02 $1,568
11944 86(A) 17 114 84 113 83 0.00E+00 $0
12321 5 14 27 0 26 -1 3.44E-02 $361
Tota
[ 75 ] Y 1998 cost

Y 2000 cost $9,573

A and B: There is another bridge which jointly represents the same group of bridges
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TableB-2.3.1

Cost Impact for Deficiency of Existing Bridges for Michigan Example
(al=a2=10%,b1=b2=20%)

Cost 1T 5%
alowanceis
Bridge | D Width(m)Length(m) RFAs (3S3A) RF,s (3S3B) Cost given
1 708 8.6 6.7 0.9995 0.9981 $53,541 $0
2 739 8.4 6.7 0.9835 0.9821 $52,295 $0
3 1381 7.9 6.7 0.9467 0.9454 $49,183 $49,183
4 4020 11.6 7 0.9850 0.9837 $75,451 $0
5 4154 6.4 6.7 0.9467 0.9454 $39,844 $39,844
6 5974 7.8 6.1 0.9467 0.9454 $44,211 $44,211
7 7301 26.8 14 0.9028 0.8624 $348,636 $348,636
8 7643 10.9 7 0.9896 0.9883 $70,898 $0
9 7657 10.5 7 0.9995 0.9981 $68,296 $0
10 8198 8.5 6.7 0.9467 0.9454 $52,918 $52,918
11 10132 6.4 7.6 0.9467 0.9454 $45,196 $45,196
12 10144 9.2 7.3 0.9467 0.9454 $62,405 $62,405
13 10165 125 7 0.9898 0.9889 $81,305 $0
14 10178 8.6 7.3 0.9467 0.9454 $58,335 $58,335
15 10218 5.4 6.1 0.9467 0.9454 $30,608 $30,608
Tota Total
$1,133,122  $731,336
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Table B-2.3.2

Cost Impact for Deficiency in Existing Bridges for Michigan Example

Sensitivity Analysis (al=a2=5%,b1=b2=15%)

Cost if 5%
alowanceis

Bridge ID Width(m) Length(m) RFxs(3S3A) RF,<(3S3B)  Cost given
1 739 8.4 6.7 1.0013 0.9999 $52,295 $0
2 1381 7.9 6.7 0.9839 0.9826 $49,183 $0
3 4154 6.4 6.7 0.9839 0.9826 $39,844 $0
4 5974 7.8 6.1 0.9839 0.9826 $44,211 $0
5 7301 26.8 14 0.9172 0.8761  $348,636  $348,636
6 8198 8.5 6.7 0.9839 0.9826 $52,918 $0
7 10132 6.4 7.6 0.9839 0.9826 $45,196 $0
8 10144 9.2 7.3 0.9839 0.9826 $62,405 $0
9 10178 8.6 7.3 0.9839 0.9826 $58,335 $0
10 10218 5.4 6.1 0.9839 0.9826 $30,608 $0

Tota Tota

$783,632 $348,636
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TableB-2.3.3 Cost Impact for Deficiency in Existing Bridges for Michigan Example
Sensitivity Analysis (al=a2=15%,b1=b2=30%)
Cost if 5%
dlowanceis
Bridge ID Width(m) Length(m) RFxs (3S3A) RF4s (3S3B) Cost given
1 708 8.6 6.7 0.9950 0.9936 $53,541 $0
2 739 8.4 6.7 0.9765 0.9752 $52,295 $0
3 1381 79 6.7 0.9270 0.9257 $49,183 $49,183
4 3959 20.1 7 0.9986 0.9972 $130,738 $0
5 4020 116 7 0.9793 0.9780 $75,451 $0
6 4154 6.4 6.7 0.9270 0.9257 $39,844 $39,844
7 5068 79 6.1 0.9989 0.9976 $44,778 $0
8 5974 7.8 6.1 0.9270 0.9257 $44,211 $44,211
9 7301 26.8 14 0.8993 0.8591 $348,636  $348,636
10 7643 10.9 7 0.9709 0.9696 $70,898 $0
11 7657 105 7 0.9950 0.9936 $68,296 $0
12 8198 85 6.7 0.9270 0.9257 $52,918 $52,918
13 10098 10.2 6.4 0.9989 0.9975 $60,658 $0
14 10100 7.3 6.7 0.9965 0.9957 $45,447 $0
15 10132 6.4 7.6 0.9270 0.9257 $45,196 $45,196
16 10144 9.2 7.3 0.9270 0.9257 $62,405 $62,405
17 10150 54 7 0.9965 0.9957 $35,124 $0
18 10165 125 7 0.9641 0.9633 $81,305 $0
19 10178 8.6 7.3 0.9270 0.9257 $58,335 $58,335
20 10218 5.4 6.1 0.9270 0.9257 $30,608 $30,608
21 10222 4.5 6.7 0.9965 0.9957 $28,015 $0
22 10231 6.4 7.6 0.9965 0.9957 $45,196 $0
23 12112 18.7 7.3 0.9955 0.9941 $126,845 $0
Tota Total

$1,649,925 $731,336
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Table B-2.4.1 Cost Impact for New Bridges for Michigan Example (Using 1999 data for projection)

OO ~NOO U WNPE

WWWNRNRNRNRNNNMNNNNNDE R R R R B B B B R
NRPOOXANOURWOWNROOWONDUA™WNRO

Bridge
ID

3267
9728
7799
8762
12831
4382
12812
12813
12814
12816
12817
12818
12825
5313
162
140
2609
545
4553
9966
7840
7614
2965
10282
65
1968
5874
6268
6312
6428
8220
10746

DLCF

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Bridge Material

Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam

Culvert
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam

Timber
Prestressed Concrete Beam
Prestressed Concrete Beam

Culvert

Culvert

Culvert

Culvert
Prestressed Concrete Beam

Max Span
Length (m)

14
42.6
34.3

20
421
16.8
19.2
19.2

39
40.6
40.6

39
52.3
18.6

27
16.6

85
20.3
22.2
35.6
421

19
34.3
27.1

8.2
29.8
22.8

9.7

6.1

9.8
12.1
26.3

Max Span
Length (ft)

46
140
113

66
138

55

63

63
128
133
133
128
172

61

89

28
67
73
117
138
62
113
89
27
98
75
32
20
32
40
86

Deck Area Deck Area

(sqm)
361.2
1209.8
1030.9
608.0
2106.2
240.2
1468.3
1010.8
553.8
1092.0
1092.0
553.8
2055.4
293.8
1031.4
415.0
139.4
671.6
1144.5
935.8
1810.1
785.4
967.3
422.8
62.3
313.1
336.0
134.8
1135
0.0
158.8
319.0

(sa ft)

3888
13023
11096
6544
22671
2586
15805
10880
5961
11754
11754
5961
22124
3162
11102
4467
1500
7229
12320
10073
19483
8454
10412
4551
671
3370
3617
1451
1221
0
1709
3434

Cost Increase
Coefficient

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Total

Cost Impact

8 B88BBLBEBBBLBLELBLEBELBLEEEBBLEBELBBLELEEY
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Table B-2.4.2 Cost Impact for New Bridges for Michigan Example (Using 1998 data for projection)

O© 0O ~NOO O, WNPFP

Bridge
ID

2881
5501
2512
5505
9776
12778
12779
799
12750
12751
12752
12753
6789
1212
7877
11129
11333

DLCF

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Bridge Material

Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Culvert
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam
Prestressed Concrete Beam

Max Span
Length (m)

27
19.8
29.2
20.2

35.6
35.6
24
274
274
36.1
36.1
20.9
18.6
23
32.3
19.6

Max Span
Length
(f)

88.6
65.0
95.8
66.3
9.8
116.8
116.8
78.7
89.9
89.9
118.4
118.4
68.6
61.0
75.5
106.0
64.3

Deck Area(sq Deck Area Cost Increase

m)

383.4
281.2
2218.7
266.6
46.5
535.7
535.7
1674.0
411.8
383.2
3968.6
3595.7
453.1
956.3
11411
692.9
2843.3

(sq fo)

4127
3026
23882
2870
501
5766
5766
18019
4433
4125
42718
38704
4877
10294
12283
7458
30605

Coefficient

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Tota

Cost Impact

$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0

$0
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TableB-2.4.3 Sensitivity Analysis For TWH Prediction Window Parameters (Michigan Example)

Window Parameters

Base Case

Alternative Scenario al=a2=15%, b1=b2=30%
al=a2=10%, b1=b2=20%
al=a2=5%, b1=h2=10%

Mean W* Standard Deviation s*  AFdesign

(kips)
90.99
97.35

96.29
93.37

(kips)
17.34
15.57

15.62
16.93

1.002
0.996 (setequal tol)
1.006

T9-d
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Effect of Truck Weight on Bridge Network Costs

AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
U.S.DOT

Abbreviations used without definitions in TRB publications:

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

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety 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
National Transportation Safety Board

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

United States Department of Transportation

Copyright National Academy of Sciences. All rights reserved.
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