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FOREWORD

By Staff
Transportation Research
Board

Thisreport containsthe findings of astudy to determineload factorsfor usein eval-
uating the load capacity of existing bridges. The report includes recommended values
for load factors and presents the methodology and data used to calibrate the factors to
provide appropriate safety margins. The material in this report will be of immediate
interest to bridge engineers involved in bridge load rating and to engineers interested
in the development of load and resistance factor rating procedures

The AASHTO LRFD Bridge Design Specifications, which were developed under
NCHRP Project 12-33, were adopted in 1994. These specifications represented a first
effort by AASHTO tointegrate knowledge of the statistical variation of loadsand resis-
tances into the design process. In developing the design specifications, considerable
effort was made to keep the probabilistic aspects transparent to the designer, and no
knowledge of reliability theory is necessary to apply the specifications.

During design, load capacity can be added to a bridge easily, and uncertaintiesin
the magnitude of loads (and the resulting conservatism of design estimates) have only
a small impact on construction costs. In contrast, the cost to strengthen an existing
bridge can be very large, and, to avoid unnecessary expenditures, accurate estimates of
loads are needed. In order to reduce the uncertainty of load estimates, a greater knowl-
edge of thetype, size, and frequency of vehiclesusing aparticular bridgeisneeded. As
a consequence, the application of reliability theory to bridge load rating is more com-
plex and varied than the application of these principles to design, and rating engineers
can benefit from a greater understanding of the basis for the load factors specified.

NCHRP Project 12-46, “Manual for Condition Evaluation and Load Rating of
Highway Bridges Using L oad and Resi stance Factor Philosophy,” wasinitiated in 1997
with the objective of developing a manua for the condition evaluation of highway
bridges that is consistent with the design and construction provisions of the AASHTO
LRFD Bridge Design Specifications, but with calibrated load factors appropriate for
bridge evaluation and rating. The research was performed by Lichtenstein Consulting
Engineers, Inc., of Paramus, New Jersey, with Dr. Fred Moses serving as a consultant
for the development of load factors. Thisreport fully documents the methodol ogy and
data used to calibrate the load factors recommended in the manual. The information in
the report will assist bridge engineersin their rating practice and researchersin refin-
ing load factors as new data and analysis tools become available.
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SUMMARY

CALIBRATION OF LOAD FACTORS
FOR LRFR BRIDGE EVALUATION

This report presents the derivations of the live load factors and associated checking
criteriaincorporated in the proposed Manual for Condition Evaluation and Load and
Resistance Factor Rating of Highway Bridges prepared for NCHRP Project 12-46 (here-
after referred to as the Evaluation Manual). A final draft of this Evaluation Manual was
submitted early in 2000 to the project panel and the appropriate AASHTO committees.

These evaluation criteria, aong with corresponding live load factors, are needed for
performing thelegal load rating analysis and the eval uation of permit |oadings and post-
ings, including site-specific data inputs. The material herein supplements the text and
commentary in the proposed Evaluation Manual asit relates to load and resistance fac-
tor rating (LRFR).

Thisreport presents the methodol ogy and data used to calibrate the LRFR criteriafor
the proposed Evaluation Manual. This report supplements the derivations of the design
factors devel oped for the AASHTO Load and Resistance Factor Design (LRFD) Bridge
Design Specifications (Nowak, 1999).

Various additional applications are contained in the Evaluation Manual. These appli-
cations are not covered in the design specifications and include bridge rating for legal
loads, posting guidelines, heavy truck permit review, bridge testing, and remaining
fatigue life assessments.

Although the focus of NCHRP Project 12-33 was the calibration of the AASHTO
LRFD Bridge Design Specifications, the focus herein is solely on the calibration of fea
tures unique to the eval uation process for existing bridges. For overall consistency, there-
fore, the philosophy in this report follows the existing approaches used in calibrating the
load and resistance factors for the AASHTO LRFD Bridge Design Specifications.

Theneedsof bridge agenciesand consultants have been considered herein. These needs
have been addressed through the preparation of general guidelinesin the Evaluation Man-
ual. These guidelines apply to wide classes of existing bridges. The Evauation Manua
includes options to allow the incorporation of site-specific traffic, performance data, and
target safety criteriawhen warranted by the evaluation needs of a particular bridge span.

Thisreport will serve asareference for future devel opments and modifications of the
LRFR methodology for bridge evaluation as more data and improved analysis methods
become available.



Chapters 1, 2, and 3 provide the godls of the study and the background material on
reliability-based calibration, especially the recommended formatsfor bridge evaluation.
The material is written for engineers who will use the Evaluation Manual. Relevant
background on reliability methods is presented herein.

Chapter 4 describes the truck weight sample introduced by Nowak and used in the
calibration of the AASHTO LRFD Bridge Design Specifications. This chapter shows
how such datawere used herein for devel oping the evaluation criteria. Methodsfor using
site-specific data are emphasized.

Chapter 5 discusses the modeling of bridge safety, including nominal live load mod-
s, truck multiple presence probability, extreme load combinations, dynamic allowance,
distribution factors, system factors, and safety index expressions. Chapter 6 providesthe
calibration of live load factors for legal load ratings for routine traffic, as well as the
development of posting curves and the use of site-specific weigh-in-motion (WIM) data,
when available. Chapter 7 extends the calibration to live load factors for permit analy-
sis, including routine, special, and escorted vehicles. The live load factors and checking
formats, for both single and multilane cases, are derived, compared, and summarized for
presentation in the proposed Evaluation Manual.

Chapter 8 discusses field testing for rating bridges, while Chapter 9 outlines, for spe-
cial cases, thedirect use of safety indexes (betavalues) in the rating process. Chapter 10
presents conclusions. References and Appendix A, which contains the standard normal
distribution table, are also provided.

To the extent possible, this report refers to the final draft of the Evauation Manual
submitted by the research team to the NCHRP Project 12-46 research panel and the
AASHTO Bridge Subcommittee. Changes subsequently made in the Evauation Man-
ual after being submitted by the Lichtenstein firm are not reflected herein. In addition to
the final draft of the Evaluation Manual, readers of this report should also obtain the
companion NCHRP Project 12-46 report (Web Document 28) prepared by Bala Sivaku-
mar et al. of Lichtenstein Engineers. Thisreport containstrial ratings, numerous bridge
examples and comparisons of proposed and existing ratings, and various responses to
questions raised in the preparation of the Evaluation Manual.




CHAPTER 1
INTRODUCTION

Thisreport presents the derivations of the liveload factors
and associated checking criteria incorporated in the proposed
Manual for Condition Evaluation and Load and Resistance
Factor Rating of Highway Bridges prepared for NCHRP Proj-
ect 12-46 (hereafter referred to asthe Evaluation Manual). A
final draft of this Evaluation Manual was submitted early in
2000 to the project panel and to appropriate AASHTO
committees. In addition, there is a companion project report
(prepared by Lichtenstein Consulting Engineers, Inc.), which
contains trial ratings, numerous bridge examples, and com-
parisons of proposed and existing rating results.

Theevaluation criteria, along with corresponding live load
factors developed herein, are recommended for the legal
load rating analysis and the evaluation of permit loadings
and postings, including the use of available site-specific data
input. The material herein supplementsthe text and commen-
tary in the proposed Evaluation Manual related to the Load
and Resistance Factor Design (LRFD) factors.

A major goal inthisreport isto unify thereliability analy-
ses and corresponding database used in the load and resis-
tance factor rating (LRFR) and the recommendations for the
Evaluation Manual compatible with the AASHTO LRFD
bridge design specifications.

In addition, the following topics, uniqueto the devel opment
of the evauation criteria, are a so presented in this report:

The derivations of the proposed live load factors using
reliability methodology for the various categories of
bridge ratings described in the proposed Evaluation
Manual. (These derivations included the extension of
the reliability methods utilized in the AASHTO LRFD
Bridge Design Specifications [AASHTO, 1994] to the
requirements for evaluation and rating of bridges);

The traffic models and database used for calibrating the
recommended live load factorsin legal load rating for
site-specific input of annual daily truck traffic (ADTT);
An extension of the modeling of liveload factorsfor the
specific cases of checking of random traffic, routine per-
mits, and special permit evaluation for heavy vehicles;
The derivations and the implied safety criteria contained
within the proposed allowabl e truck weight posting curve;
How siteweigh-in-motion (WIM) data, if available, can
beincorporated in adjusting the load factors and ratings
of specific bridge sites;

An dternative rating procedure to the LRFD checking
equations that directly uses the target safety indexes in
calculating bridge ratings;

Methodsfor extending the recommended liveload factors
to special cases that are not covered in the Evaluation
Manual; and

Areas for research and further data gathering.




CHAPTER 2
BACKGROUND

In general, bridge evaluation, unlike bridge design, requires
that engineers be more aware of the reliability analysisthanis
true during design. During the evaluation of bridges, the eval-
uation engineer will determine various different ratings. For
example, inthe Evaluation Manual, thereisthe design load rat-
ing, therating for legal loads, and rating for permit loads. Also,
thereisgreater flexibility in selecting factorsin the Evaluation
Manual, such asthetarget safety level for different permit cat-
egories. For these reasons, this report goes into detail regard-
ing the reliability analysis and the calibration of load factors
based on reliability analysis. Theaim is not to be comprehen-
sive in a description of structura reliability—there are many
textbooks and articles devoted to this subject. Rather, the goal
here is to present some basic material and to highlight issues
unique in reliability analysis methods for bridge evaluation.
The level of presentation, however, is aimed toward bridge
engineerswho will use the Evaluation Manual.

There has been considerable research and data gathering in
recent yearson highway bridge loadings and component resis-
tances, especialy in connection with the formulation of the
recently adopted AASHTO LRFD specifications, which are
reliability-based bridge design specifications. The LRFD spec-
ifications provide load and resistance factors that should lead
to consistent target reliability levels for the design of compo-
nents over a wide range of bridge span and material applica
tions. The development of LRFD proceduresfor bridge design
issimilar to other LRFD developments such as the American
Institute of Steel Construction (A1SC) LRFD specification for
buildings (AISC, 1996) or the American Petroleum Institute
(API1) LRFD format for offshore stedl structures (API, 1992).

The designation of areliability-based design format usually
refersto proceduresin which specification bodies consider the
statistical distributions of loadings (e.g., dead, live, and envi-
ronmental |oads) and the statistical distribution of component
strength (e.g., members, connections, and substructures). The
reliability is calculated from these load and resistance distri-
butions by specification committees who then formulate and
recommend the specified |oad and resi stance factors and asso-
ciated design criteria.

2.1 RELIABILITY ASSESSMENT

To aid in visualizing the performance of a structural com-
ponent, consider the simple component illustrated in Figure 1

with strength, R, and load, S. Both R and Sare random quan-
tities reflecting the uncertainty of their values at the time
that the component is checked. The uncertainties may be de-
scribed by statistical distributions, asshownin Figure 1, for
both Rand S. The component is safe, that is failure does not
occur, aslong astherealization of R, the resistance, exceeds
theload, S

Superimposing the two statistical distributions (as shown
in Figure 1) gives a typical situation found in structural
reliability analysis. That is, there is a dight overlap of the
load distribution over the strength distribution. The amount of
overlap of the two probability curves depends on the safety
factor. Higher safety margins “push apart” the load and
strength probability curves and reduce the overlap or prob-
ability of falure.

Typically, the load distribution, S is based on assessing
the largest load expected within the appropriate time interval
of theanalysisand R, isthe corresponding strength. The prob-
ability of failure, Pr, may be expressed by integrating over the
load frequency distribution curve as follows:

P, =P[R<S :J’P[R < g fs(s) ds @

The notation, P[ ], should be read as “probability that,”
while f5(s) is the load probability density curve or the prob-
ability value associated with load, s. Thus, the probability of
failureisfound by integrating or summing numerically over
each value of load, s, the density function of load times the
probability that Ris less than the value, s. The probability
of failure decreases if there is less overlap of the load and
strength frequency curves (asillustrated in Figure 2a when
there are higher safety factors). Further, since the area under
afreguency curveis always one, there islower failure prob-
ability if the frequency curves are steeper, asshownin Fig-
ure 2b. A sharp peaked frequency curve occurs if there is
less uncertainty in the value of the variable, while a flatter
distribution indicates a greater uncertainty. The relative
shape of the distribution curvesis best expressed by the stan-
dard deviation or, in a nondimensional form, by the coeffi-
cient of variation (COV) (which is the standard deviation
divided by the mean value).

In general, the value of P; increases with smaller safety
factors and higher coefficients of variation (i.e., greater un-
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certainty). The shape of the probability curve (e.g., whether
anormal, lognormal, or Gumbel distribution) usually plays
a lesser role in the value of P; computed compared with the
safety factor and respective COVs.

In most structural safety models for calibrating design
specifications, the reliability is highlighted rather than the
probability of failure, where the reliability equals 1 minus
the probability of failure.

In structural design, thereliability modeling, such asfor the
AASHTO LRFD Specification development, usually denotes
S as the maximum lifetime load and R as the corresponding
strength. For the evaluation calibration, however, it is nec-

(Safety Factor)
e
S R

(a) Larger Safety Factors
S R

(b) Reduced Uncertainties

Figure 2.
reliability.

[llustration to achieve higher
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essary to consider intervals of life corresponding typically
to periods between inspections. Data from the most recent
inspection may help to reduce the strength uncertainty, while
data from traffic surveys or bridge performance may reduce
load uncertainty. Infact, at different stagesin abridge evalu-
ation, theengineer may seek further site-specific datato reduce
the uncertainties. Seeking further site-specific data becomes
an option when the initial evaluation based on more genera
datainput leads to an unsatisfactory rating.

Also, for evaluation, it is recognized that the statistical
distributions are changing over time. Such changeisillus-
trated in Figure 3, which shows possible |oad and resistance
distributions when a structure is built and some period later.
Typicaly, theload distribution on abridge shiftsto higher val-
ues because of increasesintruck weightsand treffic. Theresis-
tance distribution may shift to lower values because of possible
deteriorations in the members.

These general descriptions serve to illustrate that reliabil-
ity itself isatime-dependent variable, subject to influences of
traffic, maintenance, and deterioration and also subject in
analysisto modification by obtaining additional sitedata. This
description should also help to explain why religbility levels
used in evaluation obtained some years after a bridgeis built
are usually lower than reliabilities calculated for a new span.
Economicsare also tied into these comparisons, asinadequate
reliability calculated at a design stage may be eliminated by
increasing design member sizes, usually at asmall percentage
increasein structure cost. Low values of reliability at an eval-
uation stage may lead to costly bridge postings or replacements
or, as recommended in the Evaluation Manual, the need to
obtain more site-specific inspection and traffic data to
reduce uncertainties and possibly raise the calculated rating
to acceptable levels.

2.2 CODE CALIBRATION
2.2.1 Calibration Goal

Code calibration refers to the process of selecting nomi-
nal load and resistance values and corresponding load and
resistance factors for a specification. This effort is gener-
ally carried out by specification groups so that designer
engineers are not concerned with this process. Most LRFD
specifications appear strictly deterministic to designers—
with the entire process of calculating reliabilities being
totally transparent to the design operations. Keeping the
reliability calculations out of the design process means that
the statistical database as described above for loads and
resistances need not appear as part of a specification.

2.2.2 Calibration Formulation

Tocaibrateareliability-based structural design code, code
writers generally use the following steps:
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1. Definethelimit states or conditions that are going to
be checked. Thelimit states may be ultimate or service
type with corresponding consequences.

2. Define the random variables that may affect the occur-
rence of acomponent or system limit state. These ran-
dom variables usually include dead |oad effects associ-
ated with random material and geometric properties, as
well as structural analysis modeling, live load effects
associated with external traffic (including expected
maximum truck weights, lateral bunching of vehicles
on the span, and dynamic responses), and other envi-
ronmental phenomena (e.g., wind, earthquake, colli-
sion, temperature, and scour). Other random variables
include those that affect component and system resis-
tance or strength capacity, such as material and geo-
metric properties or uncertainties in strength analysis
modeling.

3. Assemble a database for the various load and resis-
tance random variables. The data should include, as a
minimum for each variable, a COV (which is a mea-
sure of the scatter of the variable) and abias (whichis
defined as the ratio of mean value to the nomina
design value). In addition, if sufficient data exist or a
predictive model can be validated, a random variable
should be described by a particular probability distri-
bution, such as a normal, lognormal, or extremal dis-
tribution. Such distributions can be fit using the bias
and COV asinput parameters. The bias of the random
variable can only be determined after a fixed deter-
ministic model or formulahas been defined, such asa
load model (e.g., HS20 or HL93) or the formula is
given for checking the bending strength of an ele-
ment. Because engineering checks compare member
load effects with component capacities, the parame-
ters of the load and resistance random variables (i.e.,
the biasand COV) must also reflect analysis and mod-
eling uncertainties.

2.3 CALCULATION OF SAFETY INDEXES

In any code calibration, it is necessary to develop a calcu-
lation procedure for expressing the structural reliability or,
conversely, the probability of failure. The calculation of the

probability of failure is shown in Equation 1 in the expres-
sion for P.. In general, however, the most commonly used
procedures for expressing the safety include calculation of
the safety or reliability index, often denoted as beta (3). The
safety indexes or betas give ameasure to the structural relia-
bility or, conversely, the risk that a design component has
insufficient capacity and that somelimit state will be reached.
Higher betas mean higher reliability.

An expression for the beta calculation can be found with
simplified normal or lognormal approximations or by using
available structural reliability computer programs that oper-
ate on asafety margin or limit state equation, often expressed
by the variable, g. A limit state equation should express the
margin of safety for any type of failure mode in a determin-
istic fashion such that it is clear from the value of the limit
state variable, g, whether the component has survived or
failed. For example, define the random variable g as a mar-
gin of safety asfollows:

g = component resistance — load effects
=R-D-1L (2)

where

R isthe random resistance,

D isthe random dead load effect, and

L istherandom live load effect including dynamic ampli-
fication.

The component is safe if arealization of theload and resis-
tance random variables (including the modeling uncertainties)
lead to a safety margin where g is greater than 0 and the com-
ponent failsif gislessthan 0. Because R, D, and L are random
variables, the magnitude of g is also random. As an approxi-
mation, one can consider the mean and standard deviation of
the variable g to give a measure of the reliaghility. If the mean
of gislarge (a positive value means saf€) and/or the standard
deviation of g is small, then there is only a small probability
that g will actually fall below zero or that failure will occur. A
nondimensional safety index quantity, beta, which expressesa
mesasure of thisrisk, can be written asfollows:

mean value of g
Standard deviation of g

Safety Index, B = 3

Thus, beta is the number of standard deviations that the
mean safety margin falls on the safe side. The calculation of
themean and standard deviation of g asafunction of themeans
and standard deviations of the load and resistance random
variables is part of structural reliability analysis programs
suchasthe RELY program (Baker, 1982). If the random vari-
able describing the safety margin, g, wereto follow anormal
distribution, an exact value for the risk would come directly
from the standard table of normal distributions given in books
on statistics (see Appendix A). For example, avalue of beta
equal to 3 corresponds to arisk of 0.0013 or areliability of



0.9987. Thisvaueisroughly achance of failure of oneinone
thousand.

Even if the load and resistance variables are not normally
distributed, the structural reliability programsgeneraly intro-
duce accurate equivalent normal approximations for these
variables. In such cases, the betas|ead to aprobability of fail-
ure obtained from the normal distribution table that corre-
lates closely to afailure probability that would be found by
exact numerical integration or by simulation. Because of the
limitations in assembling a precise statistical database for
loads, modeling analysis, and resistance random variables,
any errorsintroduced by the approximations in the betareli-
ability programs are usually relatively small. The validity of
using the approximate values for the safety index from the
reliability programs becomes evident when the calibration of
target safety indexes for a specification is carried out as dis-
cussed below.

Moreimportant for the purposes of the Evaluation Manual,
the failure probability expressed by the value of beta relates
to what is called the “notional” probability of failure. The
notional value of failure probability is calculated for a com-
ponent and does not reflect possible failures because of gross
blunders, lack of understanding of the technology, or human
errors. |n addition, failure probability calculations using betas
may overestimate actuarial or true failure rates because of
deliberate conservative design and specification decisions and
potentialy large structural system reserves that add conserva
tivemarginsto thedesign. Typically inredundant designs, the
failure probability of the system may be one order of magni-
tude smaller than the failure probability computed for acom-
ponent. Thus, designersusing aparticular LRFD specification
should not expect that the target beta values trandated into
probability of failure will actually correlate to observed fail-
ure rate statistics.

2.4 SELECTION OF TARGET SAFETY INDEX

After achieving amethodol ogy and databaseto calculatethe
safety or reliability index, the next step is to select a target
safety index for the code calibration. That is, choose asagod
the safety level that is warranted in the specification for the
components. Theaiminthe subsequent calibration of load and
resistance factorsis usualy to achieve uniform safety indexes
so that, for any given component checked by the specifica-
tions, the calculated betawill be asclose as possibleto thistar-
get safety index. Existing working stress or load factor check-
ing formats typically produce component designs that do not
have uniform safety indexes. Hence, the advantage of the cal-
ibrated LRFD format from areliability viewpoint is uniform
safety indexes over different materials, spans, and load effects.

Typically, target beta values in the range of 2.0 to 4.0 are
used in formulating LRFD design criteria. Ideally, the selec-
tion of the target beta should be an economic issue that
reflects both the cost of increasing the safety margins and the
implied costs associated with component failures.
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An optimum cost target betain a specification corresponds
to asituation in which the marginal cost of further increasing
the safety index isjust balanced by marginal reductionsinthe
risk-associated cost, which isthe probability of failure times
the cost of failure. The marginal cost of increasing the safety
factor is much higher in the evaluation phase than in the
design phase because an inadequate rating may lead to
replacement or posting whereas, for new construction, higher
safety margins may introduce very small cost increments.
For example, to increase a design level requirement from
HS20 to HS25 (25 percent increase in load capacity) may
only be 1to 2 percent of thetotal cost (Moses, 1989). Toreha
bilitate an existing bridge to raise its capacity by 25 percent
may be very costly or impossible in some cases.

The cost of failure should be the same whether for new
designs or associated with evaluation of existing structures.
Given that the relative marginal costs for increasing capacity
are higher in existing spans than for new designs, itislogical
that the target safety indexes will be lower in evaluation than
in design. Thisconclusion is consistent with AASHTO'shis-
torical use of lower margins in operating-level safety criteria
used in bridge evaluation compared with higher safety levels
(known as inventory) used in design of new spans.

Because some of the data needed for optimizing target
safety indexes may be unavailable, such asthe projected cost
of failure, the optimization of costs may not be used by speci-
fication committeesin selecting target safety indexes. Instead,
an aternative approach to selecting the target reliability level
isto consider past performance criteria. Average betas, calcu-
lated from a sample of past designs that are presumed to lead
to good performance records, are gathered and averaged to
prescribe afixed target beta for future specifications.

The selection of targets on the basis of experience is
an important feature of the proposed AASHTO Evaluation
Manual. In past bridge practice in the United States, one level
of safety margin, namely inventory, has been used for design
and as an upper bound for bridge evaluation. A lower and
less conservative safety margin, namely the operating level,
has been most often used for decisions regarding posting and
load limits. For example, the new AASHTO LRFD Bridge
Design Specifications (AASHTO, 1994b) references a target
reliability index of 3.5 while the AASHTO Guide Specifi-
cations for Srength Evaluation of Existing Seel and Con-
crete Bridges (AASHTO, 1989) used atarget in the range of
2.310 2.5, onthe basis of operating level alowable stress and
operating load factor ratings.

The difference between the risk corresponding to the no-
tional target betas and the observed actuarial failurerateisa
reason why LRFD codes usually avoid directly mentioning
probability of failurecriteria. For example, eventhe AASHTO
LRFD specification does not directly mention risk values
or target beta values. The betas, however, are discussed in
severa reports (e.g., Nowak, 1999).

Thetarget safety index isused by specification bodiesasan
input parameter to calibrate a specification to achieve uniform
reliability. As stated above, the target beta is based on aver-
age betas computed from a sample of past designs. If subse-
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guent data and analysis show changes in the database (e.g.,
different biases or COVs) used to compute component safety
indexes, the average values of betawill change. However, the
calibration processis such that further subsequent calibration
of the load and resistance factors with the new data will lead
to only small changesin load and resistance factors. This sit-
uation highlights the “robustness’ of the specification cali-
bration when the target safety is based on past performance
practices. (It isassumed that any changein the data or analy-
sisleadingto changesin betavalueswill lead to anew “target”
beta based on the average computed betas from the sampl e of
past designs.)

Asafurther insight into selecting the target safety in aspec-
ification, an approach used in recent U.K. bridge evaluation
codes (Das, 1997) presented acceptable historic failure rates
for structuresin light of other risks taken, such asindustrial
accidents, automobile and other travel risks, etcetera. These
data were also compared with expected bridge failuresin an
historical period. It was noted that there arefew if any known
examples of bridge failures of the type considered in the
design calibrations, namely the load effect exceeding the
resistance. Most reported failures result from scour, seismic,
and collision events. However, in U.S. experience, structure
failure resulting from overloaded vehicles has occurred in
posted bridges because of vehiclesthat clearly exceeded the
posted loads.

Finaly, the last point to be made in the context of selecting
atarget safety index is the interpretation of this index in the
context of abridge population. Inthe AASHTO LRFD devel-
opment, for example, atruck loading database was used cor-
responding to a very heavy truck traffic volume and truck
weight distribution (see below for more details). The average
calculated value of beta with this database using a sample of
past designsisgiven as 3.5 and also refersto thisextreme load-
ing Situation. Bridge spanswith lower traffic volumes or more
typical truck weight histograms should have significantly
higher safety indexes. Alternatively, the overall COV of the
liveload modeling could also include site-to-site variability in
truck intensity. If site-to-sitevariability were doneand thebias
of the extreme loading intensity with respect to average site
loading intensity were included, then the betas would have a
different meaning. In that case, the average bridge span would
have asafety index of 3.5 with some spansexperiencing higher
safety indexes and other spans lower safety indexes.

The AASHTO LRFD calibration report (Nowak, 1999)
does not elaborate on whether the load intensity includes site-
to-site uncertainty. Thus, it is not possible to judge the true
meaning of thereported AASHTO target betaof 3.5—whether
itisavalue averaged over all spans or avalue associated with
asite having an extreme truck traffic intensity.

The approach adopted herein (which includes site-to-site
variability) isto model the liveload COV. Further, the eval-
uation live load factors are based, to the extent possible, on
site-specific information such astraffic volume (ADTT) and,

when available, also on truck weight intensity obtained by
traffic surveys. The intent then isto maintain a uniform tar-
get safety index applicable to each specific span.

2.5 LRFD CHECKING FORMAT

The capacities of components are checked during either
the design or evauation process. In LRFD practice, a com-
ponent is typically checked by an equation of the form

OR, = YD + y L, 4

where

@istheresistance factor,

R, is the nominal component resistance computed by a
prescribed formula;

Yq isthe dead load factor;

D isthe nominal dead load effect;

y. isthelive load factor; and

L, isthe nominal liveloading effect including impact pre-
scribed by aload model such as HS20, HL93, or some
other legal vehicle and/or uniform loading model.

For bridge loadings, the checking model must al so spec-
ify number of lanes, positioning of loads, consideration of
multispans, any treatment of support flexibility, combina-
tions with other extreme loading effects (i.e., wind, scour
and collision) and potential contribution to strength from
system configuration and nonstructural components (i.e.,
deck and lateral bracing).

In design, a capacity, R,, is found to satisfy the design
check in Equation 4. In evaluation, the nominal resistanceis
estimated from inspection data and instead a rating factor,
(R.F.) ismultiplied by the loading term, L, which can be
solved from

— (pRn ~ Y D
R.F. Vil (4a)
Different and more detailed checking model s may be appro-
priate for evaluation than those used in design, if inadequate
ratings arefound in the eval uation process. For example, inthe
evaluation, use of measured material properties, finite ele-
ment anaysis, or even load testing may be economically jus-
tified to raise a bridge’ srating value.

2.6 CALIBRATION OF LOAD
AND RESISTANCE FACTORS

The final step in developing an LRFD specification isto
implement a table of partial load and resistance factors, in-
cluding @, y4 and y,, which satisfy the target betavalue. This
implementation is often done by using the sample population
of bridge component designs mentioned above for selecting
thetarget betas. This sample should cover arange of different



spans, dead-to-live load ratios, materials, etcetera. For this
sample of components, the betas are computed for any
assumed set of load and resistance factors. By an iterative
process, choose the set of factors that produce the best com-
bination of betas (i.e., the average betafalls closest to the tar-
get value with aminimum of deviation in the calculated beta
for any of the samples).

The load and resistance factors found by this last step are
tabulated in an LRFD design specification or an LRFR evalu-
ation manual. In a design code, there may only be one set of
factors based on data generalized for all design applications.
In evaluation, however, awide range of decisions may need to
be made that use adifferent level of input of site-specific data.
As more data are made available, thereis reason to adjust the
factorsto reflect this new information. Theseissues pertaining
to bridge eval uation are discussed in thefollowing paragraphs.

2.7 EVALUATION ISSUES IN CALIBRATION

A major concern when calibrating the proposed AASHTO
Evaluation Manual is the selection of the load and resistance
factors for a broad range of site-specific applications, such as
different traffic and live loading environments, aswell as pos-
sible cases of deteriorated spans. For example, arandom vari-
able that must be described for different situations, including
random aswell as permit trucks, is the maximum truck traffic
liveloading. A number of approaches have been presented for
modeling the extreme traffic live loading variable that,
because of its inherent character, is different from other nat-
ural or environmental loadings, such as wind or earthquake.
Truck traffic over thelife of abridge span is affected by polit-
ical, economic, regional, and technological variables that are
difficult to forecast. Traffic loading also generally increases
over time because of regulatory and economic changesthat are
unknown at the time of design. Further, heavy truck traffic
varies considerably from bridge site to site and from region to
region. Datamay be difficult to obtain because the controlling
traffic load event on abridgeisvery rare and usually involves
trucks operating above the established legal limits. For exam-
ple, a aheavy traffic site, the maximum lifetime vehicle load-
ing effect may be the heaviest vehicle of more than 100 mil-
lion individual truck events crossing the span.

In developing the AASHTO LRFD design specifications,
Nowak used datafrom avery heavy truck population recorded
in Ontario some 20 yearsago (Nowak, 1999). By deriving load
and resistance factors based on this unique popul ation of vehi-
cles, some assumptions are made that are affected by the max-
imum load projections. Infact, recently, the samesitewas used
to repeat the origina Ontario truck weight data acquisition,
and the observations showed an increase in heavy truck load
effects (Ontario General Report, 1997). Whether thisincrease
is because of aload growth or changes in regulations or is
merely a statistical fluctuation is difficult to determine.

Even with having more than 10,000 trucks weighed, the
Ontario database is only a “snap shot” of that site's loading
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history. Uncertaintiesin projecting the maximum loading event
for design or evaluation are still affected by heavy trucksthat
may have avoided the weighing operations, seasonal varia
tions in truck data, and inaccuracies in the weighing opera-
tions. If the traffic at another siteis“worse” than the Ontario
weighing site, then, as discussed above, the betas computed
will belower than the proposed AASHTO target value. Con-
versely, for most siteswith much milder traffic, the betaswill
be higher. Thus, the safety index reported in the AASHTO
Design Specification leadsto atarget val ue based on the pres-
ence of atruck population consistent with the Ontario site. If
truck traffic in general becomes more severe over time, then
such load growth will consistently lead to lower betas than
the calculated design betas.

For design applications, the variations in the truck weight
input can betreated conservatively for economic reasonscited
above, namely, the small marginal cost increasesfor new con-
struction associated with higher design factors. For the bridge
evaluation, however, a greater precision in describing the
truck population data and resulting bridge loading effects are
needed. It is al so necessary when evaluating extreme loading
eventsto reflect on the reserve capacity introduced by current
design specifications.

The reasons for the existence of significant reserve strength
in existing bridges are many. For example, inthe case of avery
heavy illegal truck crossing in Ohio severa years ago, the
vehicleweighed more than 550,000 Ib and had traveled more
than 100 miles crossing severa bridges on secondary routes
before being discovered by the State Police. To explain why
the bridges on the route were undamaged, even with such a
heavy loading, consider the inherent safety margins now pres-
ent. A 60-ft span designed for an 80-kip design load (smilar
to HS20) has about equal design dead and live load bending
moment effects. The live load factor in load factor design is
2.17, whilethe dead load factor is 1.3. Allowing the extramar-
gin from the dead |oad to also be used to carry liveload raises
theliveload margin of 2.17 by 0.3t0 2.47. Assuming only one
lane was actually loaded when the heavy vehicle crossed, the
capacity israised by aimost afactor of 2.0t0 4.94 (see Section
5.5, Digtribution Factors). Further, the 30-percent impact fac-
tor present in design criteria may increase bridge capacity
without really creating an overstress event (see Section 5.6,
Dynamic Allowance). Thisfurther allowanceraisesthe capac-
ity from 4.94 to 6.42. Multiplying this factor by the 80-kip
designload leadsto anomina capacity to withstand aliveload
of 514 kips. Considering the 1.13 strength bias used by Nowak
for bending moment raises the expected bending capacity to
581 kips or more than thisillegal superload weighed. Further
significant increasesin capacity may also arise because of sec-
tion round-off and enhancements from nonstructural elements
such as decks, guardrails, and sidewalks.

Before dismissing any potential distress resulting from
heavy loads, consider that the actual maximum load effect
event may result from the multiple presence of vehicleson
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a bridge and dynamic responses that are more likely to
cause distress with repeated use. More importantly, many
bridges are older and do not have the 80-kip designload men-
tioned in this example. Bridges that are older and deterio-
rated are definitely candidates for further distressin the event
of asevereload, and carefully developed evaluation rulesare
needed to provide adequate uniform levels of safety for dif-
ferent sites and traffic conditions.

Despite the limitations stated above in the Ontario data-
base used in calibrating the AASHTO Design Specification,
the Ontario database will also be used herein for deriving the
factorsin the Evaluation Manual. The mgjor reason isto pro-
vide consistency in the calibration process from the design
to evaluation specifications. Adjustmentsin the Evaluation
Manual to reflect site-specific traffic characteristics will be
emphasized and considered wherever possible.




CHAPTER 3
OUTLINE OF DERIVATIONS

This report contains several analyses to meet the needs
of the proposed Evaluation Manual. First, adescription of the
truck weight sample used by Nowak will be given. Thissam-
ple population of heavy truckswill be used herein asarefer-
ence basein order to make the eval uation methodology inthe
AASHTO Evaluation Manual consistent with the reliability
developments for the AASHTO LRFD Design Specification.
It is important to introduce a reference truck population for
evaluation. The requirements of a flexible evaluation speci-
fication is based on comparing a site-specific truck popula
tion with the reference traffic used for calibrating the rating
live load factors.

The next step is to review traffic models for assessing
multiple presence (i.e., the side-by-side occurrences of heavy
trucks). These multiple presence events usualy control the
maximum liveloading effect on aspan. That is, the maximum
loading effect on a bridge member may result from the single
most heavy truck crossing (i.e., a single-lane event) or
from two vehicles of lesser severity simultaneously crossing
the bridge. Whether one- or two-lane loading cases govern
depends on the expected maximum truck weights of one-lane
and two-lane crossings and the rel ative values of the one- and
two-lane distribution factors, g; and g,,. These distribution
factors are discussed below using recent formulas (Zokaie,
1998) and adopted in the AASHTO Specifications
(AASHTO, 1994). The new distributions show, in arelative
sense, lower values for one-lane than two-lane distributions
compared with previous “Slover” relationships of earlier
specifications. These changes, discussed below, tend, for
routine traffic, to make the multilane case govern the maxi-
mum loading effect. An exception iswhen one of the vehicles
present on the span is a heavy permit truck vehicle.

Anayses are therefore given herein to provide maximum
expected loading events for both multiple-lane and single-

11

truck-lane events. The single-lane loading situations may con-
trol for permit loadings, low-volume bridge sites, and certain
other bridge geometries (e.g., trusses). The two-lane loading
governs other cases. For longer spans, platooning, or closely
spaced vehicles in the same lane may also become important.
Longer spans require lane load as well as the vehicle load
effects, and the lane load magnitude has also been cdibrated.
Because the Nowak model used inthe AASHTO LRFD cal-
ibrations assumed a very severe truck volume, shows how
site-recorded annual daily truck traffic (ADTT) can be used to
select amore optimum load factor for rating and eval uation.

The theoretical methods and the database for the cali-
bration of live load factors for the Evaluation Manual are
made consistent herein to the safety indexes (betas) gener-
ated by Nowak for the AASHTO Design Specifications
(Nowak, 1999). Thiscalibration providesareferenceloading
used for selecting live load factors in rating, postings, and
permit checking. Further, the justification for recommending
that the AASHTO legal vehicles be accepted as the nominal
load model in the new Evaluation Manual is presented.

This report aso provides the basis for selecting the post-
ing curve (see Section 6 of the Evaluation Manual), which
gives the allowable or posted truck weight as a function of
the legal load rating factors. The basis for the recommended
lower bound on ratings of 0.3 before a bridge should be con-
sidered for closure is described. Also, this report describes
the use of site-specific WIM datain the selection of live load
factors. These formulas are given in Section 6 of the Evalu-
ation Manual. In addition, the basis for a method to directly
use target betas for rating is discussed. Thisdirect method is
also summarized in the Evaluation Manual. The direct
method isintended for very specia cases and should be used
only by engineers well versed in structural reliability appli-
cations.
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CHAPTER 4
TRUCK WEIGHT DISTRIBUTION

4.1 EQUIVALENT WEIGHT PARAMETERS

This section describes a reference distribution of truck
weight statistics used to formulate a live load spectrum. In
particular, this reference weight distribution isthat proposed
by Nowak and used in the calibration of the AASHTO LRFD
live load factors (Nowak, 1999). This reference weight spec-
trum and calculation of expected maximum live load effect
will be compared with site data in the calibration of live load
factors in the evaluation. Subsequently in this report, truck
volume data expressed by ADTT and a multiple presence
model will be used to forecast the maximum loading event
applicable during an evaluation time interval.

The first step in using the Nowak truck weight data is to
devel op equivalent statistical weight parametersintermsof the
AASHTO legal vehicles, in particular the AASHTO 3S2 vehi-
cle. Thereason isthat the AASHTO vehicles, rather than the
HS20 or HL93 load models, form the basis of the evaluation
loading model.

The data presented in Nowak’s report (Nowak, 1999) are
in the form of frequency distributions based on the largest
20 percent of the vehicle population. Theoriginal truck weight
datataken at asitein Ontario in 1975 are not presented in the
report. Instead, Nowak presented cumulative frequency dis-
tributions of bending moments for simple spans of different
lengths based on the measured truck weights and dimensions.
These frequency curves were obtained by finding the maxi-
mum bending moment of each Ontario truck for each span.
Further, the curves, which are based on 10,000 data points,
were extrapolated by Nowak to afull lifetime of some 75 mil-
lion truck events, using normal distributions. The assumption
of anormal variable to describe the truck weight scatter was
also adopted herein.

For example, Table B.2 of the Nowak calibration report
showsthat for a 60-ft-long span, the mean (same as expected)
maximum moment resulting from a single truck is equal to
0.72 multiplied by an HS20 moment effect. The expected
maximum moment for a 1-day exposure with 1000 truck
eventsis presented as 1.37 multiplied by an HS20 moment
effect. Tofit these eventswith the normal distribution requires
the normal probability table, which relates probability level to
the number of standard deviations (or variate) that a given
probability valuefalls above the mean value. See Appendix A
herein, which presents the standard normal distribution table.

For example, the corresponding normal variate for the
1/1000 level is 3.09. To convert values fitted by Nowak for
the Ontario truckswith the HS20 model to the equivalent 3S2
vehicle weight parameters requires the ratio of the standard
3S2 moment effect to the HS20 moment effect. The standard
3S2 vehicle weighs 72 kips.

For example, in a 60-ft-long span, the moment of the
HS20 is 403 kip-ft while the 3S2 model gives a moment of
309 kip-ft using published values (AASHTO, 19944). Using
the data in the previous paragraph, the mean truck moment
for a 60-ft-long span isequal to 0.72 multiplied by 403. The
AASHTO 3S2 vehicle produces a mean moment of W/72
multiplied by 309, where Wis the mean 3S2 equivalent truck
weight. Thus, solving for the AASHTO 3S2 equiva ent mean
weight gives the mean of the population weights (W) as

mean, W = 0.72 x %og x 72 kips = 67.61 kips )

Similarly, the standard deviation of thetruck weights(oy) is
found from the 1-day expected maximum using the equations
of the standard normal distribution as

— V\é.OO - WM
oW e

1.37 %og x 72 — 67.61
of, Oy =

3.09

=19.7 kips (6)

standard deviation of population weight
population weight at 1/1000 level
normal variate for 1/1000 level

mean value population

where oy
Wigo

tioo

W

The Ontario truck weight data do not exactly describe a
normal distribution, nor do the vehicles producing the maxi-
mum responses correspond exactly to 3S2 trucks. The com-
puted values of the mean and sigma of the 3S2 equivalent
weight distribution, W, will vary, depending on the span
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TABLE 1 Determination of equivalent 3S2 vehicle from Nowak data

Design Standard Deviation
Average Moments** Mean ow (expected max.*) kips
Span Moment* - W
ft x HS20 HS20 32 kips 1day 1 month 75years
40 75 225 162 75.0 18.1(1.31) 17.8(1.46) 18.6(1.74)
60 72 403 309 67.61 19.8(1.37) 18.8(1.52) 18.9(1.79)
80 77 582 487 66.25 19.5(1.47) 17.9(1.60) 18.1(1.89)
100 .82 762 666 67.55 19.5(1.55) 17.8(1.68) 18.2(2.00)
120 .85 942 845 68.23 20.3(1.63) 18.3(1.76) 18.5(2.08)

*Taken from Nowak’s Table B-2 (1999)

**Taken from (AASHTO, 1994a)

MEAN W and o,,—See Egns. 5 and 6, for example
expected one day max. = mean plus 3.09 sigma
expected one month max. = mean plus 3.99 sigma
expected 75 year max. = mean plus 5.33 sigma

chosen and the extreme period used to deduce the mean and
standard deviation of the weights.

After sometria and error, asillustrated in Table 1, the upper
20 percent of the Ontario truck weight data were reasonably
matched by a 3S2 population with anormal distribution and a
mean of 68 kips and a standard deviation of 18 kips. These
comparisons closely match the data taken from Table B-2
(Nowak, 1999). For example, matching the mean forecasted
weight by Nowak with a normally distributed 3S2 produced
values of 67.6, 66.3, 67.6, and 68.2 kips using spans of 60, 80,
100, and 120 ft, respectively. Examining the 1-month maxi-
mum projections by Nowak shownin Table 1, the equivalent
value of oy is 18.8, 17.9, 17.8, and 18.3 kips for the same
spans. Based on a large number of these comparisons, the
mean, W, and o, of the equivalent 3S2 was chosen as 68 kips
and 18 kips, respectively.

It should be emphasized that these weight parameters for
the equivalent 3S2 vehicle fit the heaviest one-fifth of the
truck weight population. It isassumed herein that the remain-
ing trucks have no influence on the maximum loading events.
Thisfactor of “one-fifth” must be considered throughout this
study in using traffic counts to extrapolate to the number of
significant loading events.

4.2 MAXIMUM PROJECTED TRUCK WEIGHTS

The expected or mean maximum bending loading event
using the Ontario weight data depends on the number of load-
ing events. That is, for longer durations and higher truck vol-
umes, the mean of the maximum single-truck loading event
will increase. The extrapolation of measured traffic eventsto
the maximum over some exposure period has received con-
siderable study. Theoretically, this extrapolation can be done
by raising the distribution of theindividual eventsto a power
corresponding to the number of eventsin the exposure period.

This process leads to an exponential or Gumbel distribution
for describing the maximum loading event. Thisapproach has
been used by Nowak as well as by researchersin the United
Kingdom (Cooper, 1997), Switzerland (Bailey, 1996), and
Spain (Crespo-Minguillon and Casas, 1996). It is easy to
demonstrate that the COV associated with this extreme event
distribution becomes quite small when the number of events
is large, such as for traffic events. Typical reported results
give COV values of only 1 percent to 5 percent, which is
obviously too low for characterizing such an inherently ran-
dom event asthe maximum lifetime single truck weight event.
The reason for this picture is that the largest value sampled
for asegquence of random eventstendswith smaller and smaller
uncertainty toward the highest value present in the population
sample of such events. For example, if one uses the origina
Ontario “raw” truck weight data of 10,000 truck events and
samples from it one million times, the largest of the one mil-
lion sampleswill almost awaysexactly equa thelargest of the
10,000 recorded events. When one repeatsthe sampling of one
million trucks over and over, the maximum value from each
sequence is, therefore, amost always the same result or the
largest recorded truck. Thus, the standard deviation (and COV)
of the maximum value approaches zero. Even when the origi-
nal 10,000-event sampleisfit by a continuous distribution, the
spread in the largest value of the million samples till
approaches a narrow part of the tail of the fitted distribution
with very low COV. This result creates a dilemma because a
computer-based simulation of the maximum lifetime truck
event showsalow COV, yet oneintuitively “knows’ that there
is considerable uncertainty in forecasting such an extreme
uncertain event as the maximum lifetime truck loading.
Thisdilemmamust be resolved by incorporating additional
modeling uncertainties in the extreme forecast. These model-
ing variables should include the uncertainty based on using
thesmall samplesize (10,000 inthe above case); that is, every
time one repeats and records a sample of 10,000 vehiclesat a
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single site, the statistics will differ, especialy the weight of
thelargest truck. Asjust stated, thelargest truck recorded con-
trolsthedistribution of the maximum extreme event when, for
example, one million samples are drawn from the recorded
sample.

More important for highway truck weight forecasting than
the small sample size are the considerable site-to-site, sea
sonal, and other time variations in the truck weight descrip-
tion. Thesevariationsare not modeled in the use of only asin-
gle redlization of data from one site. This limitation was
recognized by Ghosn and Moses in developing their bridge
loading model (Ghosn and Moses, 1986). Datafor many sites
were forecast independently, and this forecasting scatter was
also incorporated in the COV of truck loading effects.
Although not explicitly mentioned, such modeling uncer-
tainty may also be included in Nowak’s analysis of the data,
because his overall COV of live load effects (which includes
random variablesfor girder distribution analysis, truck weight
occurrences, and dynamics) approaches very closely that
given by Ghosn and Moses, namely a COV of about 20 per-
cent (Nowak, 1999).

To be consistent herein with the Nowak methodology and
data, the extreme event will be used to estimate the mean or
expected maximum loading event in the exposure period. The
corresponding COV of the maximum loading will include the
modeling uncertaintiesjust described. Forecasting the mean or
expected maximum truck loading event at a site is relatively
easy to perform, given that this expected maximum value
closely correspondsto an individual truck weight fractile cor-
responding to /N, where N isthe number of load eventsin the
exposure period.

For example, thetraffic volumein Nowak’ sdatais given as
1000 vehicles per day (considering only the top 1/5th of the
traffic). A normal distribution is assumed for the truck weight
variable. Thus, for 1 day and 1000 events, the expected maxi-
mum truck weight isthe mean plus the corresponding number
of standard deviations associated with a probability of

1/1000, namely 3.09. (See Appendix A for standard normal
distribution table.) Using the mean weight of a3S2 truck found
above, namely, of 68 kips and a oy, of 18 kips gives

expected 1-day maximum weight (3S2)
= 68 + 3.09 x 18 =123.62 kips (7)

Similarly, for the expected maximum design lifetime load-
ing (75 years corresponds to 75 multiplied by 365 multiplied
by 1000 equals 27 million heavy trucks) and for the longest
permissible period between bridge evaluations (5 yearsequals
1.8 million heavy trucks), the expected maximum truck
weights would be as follows using the normal variate terms:

expected 75-year maximum weight (3S2)
= 68 + 5.39 x 18 =165.0 kips  (8)

expected 5-year maximum weight (3S2)
=68 + 487 x18 =155.7kips (9

Using the parametersfor the 3S2, namely amean and sigma
of 68 and 18 kips respectively, and their corresponding bend-
ing moment values, the expected (mean) maximum bending
moments for various return periods and different span lengths
can be estimated. For example, the corresponding 1-day max-
imum moment for a 40-ft-long span would be (123.62/72)
multiplied by 162 equals 278.1 kip-ft, where the moment on
a40-ft-long spanduetoa72 kip 3S2is 162 kip-ft (AASHTO,
19944). From Table B-2, in Nowak' s report, the 1-day maxi-
mum moment for a40-ft-long spanisgivenas1.31 multiplied
by HS20 moment equals 1.31 multiplied by 225 equals
294.78 kip-ft (Nowak, 1999), or about 6 percent above the
value predicted from the 3S2 vehicle with mean of 68 kipsand
0 equals 18 kips. Several comparisons of expected or mean
maximum bending moments for different spans and periods
are given in Table 2 and show general agreement between

TABLE 2 Comparisonsof predicted expected maximum moments using 3S2 vehicle with Nowak’s smulated

data (Table B-2) (Nowak, 1999)

Time Period
two months two years 75years
Moment M oment M oment
Span

FT. Table B-2* 3S2+* Table B-2* 3S2** Table B-2* 3S2+*
40 338 319 356 335 369 349
60 629 609 661 639 681 665
80 954 960 1007 1008 1042 1048
100 1311 1313 1387 1378 1440 1433
120 1696 1616 1790 1749 1856 1818

*Equal to Coef. in Table B-2 x HS 20 moment (Nowak, 1999)
**3S2 Moment = [(68 + 18t)/ 72 kips] x 3S2 moment (AASHTO, 1994a)
where: for two months, t = 4.11; one year, t = 4.50; five years, t = 4.83.



Nowak’ s projections and values derived from the equival ent
3S2 vehicle. (Nowak projected hiscal culated bending moment
spectrato very long return periods by linearly extending the
graphs of the moments for each span on normal probability
paper.)

These comparisonsindicate that the mean value of 68 kips
and a ¢ equals 18 kips for an equivaent 3S2 is a reasonable
approximation to the Ontario truck weight statistical data.
These reference values of weight intensity are utilized below
to recommend adjustments in live load factors for bridge
sites with available truck volume or weight data taken in
WIM studies or for permit loads. Note that in Table B-18 of
Nowak’ s report, the five-axle tractor trailers are shown with a
mean of 65 kipsand aCOV of 0.26 (Nowak, 1999). The latter
term provides asigmaof 17 kips. These values were not used
herein; rather the best match for the 3S2 equivalent truck of
Nowak’'s simulated bending moments were found to be
68 kips for the mean and 18 kips for sgma

Other parts of the Ontario data that should be kept in mind
in considering the accuracy of load projections are as
follows:

« The data recorded is a 2-week sample. Any other
2-week samplewould have adifferent outcome because
of statistical variability and also seasonal influences on
truck movements.

« Heavy trucks avoid static weigh stations, and the degree
to which this avoidance occurred in the recorded sam-
pling is unknown.

« Truck weights have changed over time. A repeat of the
Ontario trial recently, some 20 years after the first
weighings, showed increased truck weights in terms of
the maximum bridge loadings (Ontario General Report,
1997).

It is for these reasons that Moses and Ghosn in their relia-
bility analyses for design models considered both site-to-site
variability and load growth as random variables that had to be
incorporated in the reliability analyses (Ghosn and Moses,
1986). These two variables were not explicitly reported in the
AASHTO-Nowak studies.

4.3 COMPARISONS OF SITE-SPECIFIC TRUCK
WEIGHT DATA

A comparison of the Ontario truck weight data with differ-
ent highway sitesisnow given. Rather than concentrate on the
central portion of theweight distribution, which doesnot affect
maximum loadings, the comparisons will be expressed in
terms of an extreme fractile value, namely the 95th percentile
of truck weight distribution. This parameter is denoted as Wy
andisgivenintermsof the3S2 AASHTO lega vehicle. Inthe
study of Mosesand Ghosn, thistruck weight fractilewasfound
by simulation studiesto adequately model the severity of truck
weightsat asite (Ghosn and Moses, 1986). A review of anum-
ber of heavily traveled interstate siteswith WIM data (Snyder,
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Likins, and Moses, 1985) showed the magnitude of Wys de-
scribed as arandom site-to-site variable to have amean value
of 75 kips and a 10-percent COV or asigmavaue of 7.5kips.

To compare these values with the Ontario data, the param-
eters found above, namely a mean of 68 kips and a sigma of
18 kips, must be used to provide the 95th percentile using the
normal distribution. The parameters of the Nowak data cor-
respond to the top one-fifth of the weight population, so that
the 95th percentile of all trucks corresponds to the 75th per-
centile of the Nowak histogram of heavy truck weights. The
corresponding variate for the 75th fractileisgivenin the stan-
dard normal distribution table as 0.68. Thus, the Wys value can
be found as

Wgs = mean + 0.680 =68 +0.68 x18
= 80.24 kips (10)

That is, 95 percent of truck weights at the Ontario site
weigh less than 80.25 kips (in 3S2 equivaents), while 5 per-
cent weigh more. The next step determines how the Ontario
Wgs compares with the WIM data taken at various sitesin the
United States. (The WIM data were taken on behalf of an
FHWA study and used sites preselected by a number of dif-
ferent states. No attempt was made to select a representative
sample of traffic sites, although urban, rural, interstate, and
primary routes were selected—all with relatively high vol-
umes.) Using the mean and sigma from the combined Wi
site-to-site data gives the nondimensiona variate for the
Ontario site as

8024 - 75
75

t =070 (11)

The variate of 0.70, using the normal standard distribu-
tionstable, resultsin aprobability level of 0.76 or about aone
infour probability of exceedance. In other words, the Ontario
datawhen compared with the data cited by Ghosn and M oses
from WIM sitesis at a probability level that only onein four
of the interstate or major route sites that were sampled have
amore severe Wy value, or conversely, a more severe truck
weight intensity. Thus, using the Ontario data as a reference
for aload model provides an additional safety margin. The
marginal biasis[80.24/75] or 1.07. Thevariability in site-to-
site intensity is already included in the COV estimate of
about 20 percent for live loads.

The Ontario data were used by Nowak to calibrate the
AASHTO LRFD Specificationto asafety index of 3.5 (Nowak,
1999). It can be concluded that, at least for the time the data
were taken, the 3.5 target betais likely to be higher at most
heavy traffic sites (i.e., three out of four sites had |ess severe
truck weight intensities). The volume of traffic selected by
Nowak, namely an ADTT of 5000, also significantly exceeds
most sites. The volume influence is discussed further below.

As stated above, recent Ontario truck weight data taken
at the same site showed significantly higher truck weights.
Whether these increased weights result from changes in
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regulations, laxer enforcement practices, greater allowance
of permit vehicles, or simply a random occurrence event is
not known. Nevertheless, use of these new data in a subse-
quent calibration did show lower target betas (Ontario Gen-
eral Report, 1997). These observationsindicate aneed to con-
sider both site-to-site variahility in truck weight populations
and the change in weights over time.

It is, therefore, recommended in modeling the expected
maximum live loading event to also consider a site-to-site
random modeling variable representing the uncertainty of
truck weight intensity. This variable was used in the studies
of Ghosn and Moses and increases the overall load effect
COV (Ghosn and Moses, 1986). Such a site variable leads
to an interpretation of the safety index in the context of cal-
ibration such that the target reliability applies to the whole
population of bridges. A target beta of 3.5 (which corre-
sponds to about one in 10,000 from a normal distribution
table) meansthat, for a population of bridges, the chance of
any component failureis 1/10,000. In addition to the site-to-
site variable for Wy, Ghosn and Moses included in their
design model aload growth random variable. For an evalu-
ation model, it is not necessary to include load growth
because adjustments can be made periodically in evaluation
factorsbased on current weight statistics. Using site-specific
datain an evaluation reduces the overall COV of the maxi-

mum load estimate and, therefore, may increase the safety
index, even if the average site intensity exceeds the level
used in the calibration.

Despite having additional random variables of growth and
site-to-site variations, the overal live load COV's reported
by Ghosn and Moses (1986) are similar to those of Nowak,
namely, 17 to 20 percent (Nowak, 1999). A breakdown of the
main contributionsto the COV are the site-to-site traffic vari-
ables (10 percent), dynamic impact random variable (10 per-
cent), and girder distribution modeling random variable
(10 percent). A comparison with similar breakdowns in the
Nowak data could not be made because these values were not
isolated in the calibration report. It would al so be expected that
the girder analysis modeling uncertainties may now be
reduced with the recent introduction of the new Imbsen for-
mulas, but this reduction has not been reported.

Based on comparisons with the AASHTO LRFD calibra
tion truck weight data, an accurate equivalent weight distribu-
tion provides for a3S2 AASHTO legal vehicle with a mean
of 68 kips and asigma of 18 kips. Aswas done by Nowak, a
normal distribution of truck weightsisassumed. These equiv-
alent data will be used in the next chapter in subsequent cali-
brations of the live load factors for ratings. The justifications
for continuing the use of the AASHTO lega vehicles for
bridge rating are also presented in the next chapter.




CHAPTER 5
EVALUATION LIVE LOAD MODEL

This chapter outlines the variables that were considered in
recommending alive load calibration model for the proposed
AASHTO Evauation Manual. These variables are the nomi-
nal loading moddl, the influence of multiple vehicle presence
on aspan (including random trucks), routine permits and spe-
cia permits, girder distribution models, and dynamic amplifi-
cation. This chapter also discussestheinfluences on reliability
of system or on ultimate capacity and component deteriora-
tion. The chapter concludes by presenting the safety index
model used for calibration of live load factorsin the Evalua-
tion Manual.

5.1 NOMINAL LIVE LOAD MODELS

Several considerationswereinvolved in recommending the
adoption inthe Evaluation Manual of the AASHTO legal vehi-
clesasthe basisfor the calculation of lega load bridgeratings.
First, these legal vehicles are familiar to rating agencies and
have been used for many years to determine if a bridge re-
quired posting for legal loads and to further select posting
requirements readily understood by drivers. It was aso shown
in the AASHTO guide specifications for steel and concrete
bridges (AASHTO, 1989) that uniform reliability over differ-
ent spans could be achieved by using the legal vehiclesasthe
nomina load effect calculation model (Moses and Verma,
1987). The AASHTO legal vehicles also have the added ben-
efit that bridge ratings expressed as a hondimensional per-
centage can easily be converted to tons and reported assuchin
arecognized format that has been used for many years.

The AASHTO LRFD specification adopted the HL93 load
model in place of the previousHS20 load mode; it isobserved
herein that the AASHTO legal vehicles compare more uni-
formly with the HL93 model than with the HS load models.
That is, the bending moment effects of the AASHTO legd
vehicles have ardatively uniform ratio compared with HL93
for different spans. This ratio can then be accounted for in the
selection of the live load factor.

Table 3 shows a comparison of bending momentsin sim-
ple spans between the unfactored or nominal HL93 moments
(called M_gep), HS20, and the AASHTO legal truck models.
Table 3 shows that moments computed with the 3S2 vehicle
for different spans have uniform ratios with M gep with the
ratio of moments close to an average value of 1.77. Over the
span range of 40 to 120 ft, the moment ratios only deviate by
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about 2 percent from thisvaue. On the other hand, the moment
comparisons of M, rep and My deviate by up to 11 percent
from the average value over the same span range.

Table 3 aso shows comparisons of the moments using all
three AASHTO legal vehicles and confirms that the
AASHTO legal vehicles and the HL93 load model (M gep)
have similar moment variations with spans. In addition,
Table 3 also shows that the simulated maximum 75-year
lifetime moments (M75) presented by Nowak also have
bias values with respect to the legal vehicles that do not sig-
nificantly vary with span. This lack of variation is an indica
tion that the truck configurations of the extreme weights in
the Ontario truck sample may follow closely the configura-
tion of the AASHTO legal vehicles. These results all suggest
that, for purposes of evaluation, the AASHTO legal vehicles
should correspond closely in format with the HL93 model
derived by Nowak for the new LRFD specification.

The reason to continue using the AASHTO legal vehicles
for evaluation rather than the HL93 model is that they are
familiar to rating engineersand easily convert to tons of legal
loading for reporting. The model of the legal vehiclesisalso
easier to expressin a posting format.

The recommended evaluation format in the Evaluation
Manual usesthelegal vehiclesasthenominal liveloading con-
figuration of the trucks needed for computing the bending and
shear effects. These load effects are then multiplied by thelive
load factors. The latter are derived from the calibration using
thereliability indexes asreported herein in Chapter 6. (Inthis
report, both 2- and 5-year evaluation interval s are discussed.
A 2-year interval has been standard, but some agencies are
permitting 5-year intervals in some applications.)

To gain an overview of the corresponding saf ety margins
with the legal vehicle model, consider that the nominal
HL93 is shown in Table 3 to produce moments that aver-
age 1.77 multiplied by the effect of a 3S2 vehicle (weight =
72 kips). In addition, bridges are now designed with the
AASHTO LRFD live load factor of 1.75. Thus, the factored
live load effect in LRFD design is 1.75 times the 3S2 config-
uration weighing 127.4 kips or a 3S2 weighing 223 kips. It
was shown above that the expected maximum truck in a
5-year evaluation interval with the Ontario datawould weigh
about 156 kips. Thus, there is considerable margin between
the maximum expected truck weight of 156 kips and the fac-
tored design value of 223 kipsused to check components. This
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TABLE 3 Comparisonsof the simulated mean maximum lane moment, HL93, AASHTO legal

vehicles and HS20 load models

MLRFD MHSZO MLRFD
span
FT MLRFD M3SZ M352 MHSZO M382 MHSZO
40 588 324 1.82 450 1.39 1.31
60 1093 618 1.77 807 1.31 1.35
80 1675 974 1.72 1165 1.20 1.44
100 2323 1332 1.74 1524 1.14 1.52
120 3034 1690 1.80 1883 111 1.61
ave. =1.77 =123 =145
M LRFD M 75 M HS20
span
FT M75 IVlLEGAL IVILEGAL MLEGAL MLEGAL
40 783 350 1.68 2.24 1.29
60 1444 618 1.77 2.34 1.31
80 2202 974 1.72 2.26 1.20
100 3048 1343 1.73 2.27 1.14
120 3917 1743 1.74 2.25 1.08
ave. =1.73 1.20

M, rro—HL 93 design bending moment

M ecar—Maximum of three AASHTO legal vehicles (AASHTO,1994a)

Ms5—3S2 bending moment

Mysz—Previous AASHTO load model (AASHTO, 1998)
Mzs—Simulated mean maximum bending moment from Nowak Table B-11 (Nowak,1999).

comparison helps explain why evaluation ratings for lega
loads in the proposed Evaluation Manual will significantly
exceed 1.0 when checks are made for new LRFD-based
designs.

In addition, the LRFD design specification (AASHTO,
1994b) considers one design vehicle loading in each of two
lanes. Statistically, an event with simultaneoustruck presence
in multiple lanes usually corresponds to the maximum bridge
loading event. Because this maximum expected event is not
likely to occur with the expected maximum truck weight of
156 kipsin each lane, theinfluence of multiple presences|eads
to even higher margins of safety (see Section 5.2). In addition,
there are further margins of safety because of the dead load
factor, the resistance and systems factors, and the resistance
bias (i.e., theratio of mean resistance to nominal strength).

Because of the considerable safety margin in design, it is
concluded that thereis considerableflexibility for many eval-
uation situations to reduce safety factors without leading to
unacceptable levels of reliability. Such flexibility has long
been recognized in U.S. bridge rating practices through the
use of operating ratings for bridge management decision
policies. The live load factors used for operating ratings are
smaller than the design or inventory factors. The additional
safety margins just cited make it possible to maintain in ser-
vice bridges built many years ago to lower load standards or
bridgesthat have suffered deterioration of capacity. Thiscon-
clusion is particularly valid when a site's truck weight and
volumeintensity are not of the same magnitude considered in

the design load model and when there are inspection data to
justify the corresponding strength capacity.

5.1.1 Lane Loads

The relatively uniform ratio of moments of HL93 and
AASHTO legal vehicles shown above are the reason why the
legal loads can be used as anomina loading model for evalu-
ation. The comparisonsin Table 3, however, do not show long
spans or continuous spans in the negative moment regions.
Because HL93 is the reference AASHTO LRFD load model
obtained from acadlibration, it was deemed advisable to adjust
thelegal load model for evaluation to makeit uniform with the
HL 93 for longer spansand continuous spans. In the guide spec-
ification (AASHTO, 1989), a 200-1b/ft lane load was added to
75 percent of the AASHTO 3-3 legal vehicle to better match
simulated vehicle loading events affecting longer spans.

In this study, the HL93 was used as a reference loading,
and, by trial and error, a lane load was prepared and com-
bined withthe AASHTO vehicleto cover thelonger spansand
effects in continuous spans at the negative moment regions.
The HL93 was selected as areference because it isshown in
the AASHTO LRFD design commentary that the HL93 also
serves as an envelope loading to the various exclusion vehi-
clesexisting in anumber of states. These “grandfather” vehi-
cles weigh more than allowed by the federal bridge formula
and arefairly commonin other states as permit vehicles. Thus,



selecting alane load model to provide auniform ratio with the
exclusion vehicles seems prudent.

The lane loading in the Evaluation Manual is added to a
portion of the AASHTO vehicles for longer spans and for
continuous spans. In the latter case, the lane load is super-
imposed on a percentage of two AASHTO legal vehicles
placed on each side of the support. The spacing and quantity
of live load was varied in calculations performed by the
research team until nominal loading produced a reasonably
uniform bending moment ratio with respect to the HL93 for
different continuous and long spans. The target ratio is simi-
lar totheratiosof HL93 and AASHTO legal vehiclesshown
in Table 3 for the simple spans. A uniform load effect ratio
allows for the magnitude of the calibrated live factor to givea
uniform safety margin and achievethe desired target reliability
level as outlined for the ssimple spans.

5.2 MULTIPLE PRESENCE

The next step in the evaluation anaysis after selecting the
AASHTO legal vehicles as the nominal load model is the
modeling of the multiple presence probabilities. These predic-
tions relate to the expected maximum truck weights that are
likely to be alongside in two lanes of abridge. In many spans,
the maximum lifetime truck loading event is likely to result
from more than one vehicle on the bridge at atime. Because
evaluation must consider also low-volume siteswith asmaller
probability of multiple presence as well as permit cases, the
common assumption that truck |oadings are governed by mul-
tiple presence cases will be checked herein. This check is
done by comparing the expected maximum multiple pres-
ence load effect with that of the maximum effect of just asin-
gle truck present on the bridge as discussed in the previous
sections.

Nowak, in the AASHTO LRFD development, assumed
that side-by-side vehicle crossings occur as follows (Nowak,
1999). One out of every fivetrucksisaheavy truck described
by the Ontario statistical parameters given above. Further, one
out of every 15 heavy truck crossings occurs with two trucks
side by side. In addition, of these multiple truck eventson the
span, one out of 30 occurrences has completely correlated
weights. Thus, using the product of 1/15 and 1/30 means that
approximately 1/450 crossings of a heavy truck occurs with
two identical heavy vehicles alongside each other. For the
design model, this assumption leads to the critical loading
events either obtained from the simulations performed by
Nowak or the approximations described herein. (With the
above assumptions, the expected maximum lifetime loading
corresponds to two heavy trucks side by side, each with a
weight equal to the maximum expected truck in a 2-month
interval. That is, apercentage of thetotal volume multiplied by
theevent probability of 1/450 givesa75-year period divided by
450, or 2 months for the corresponding fractile for the
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expected maximum truck value. This simple analysis agrees
closely with Nowak’ s simulation predictions.)

No field data on multiple presence probabilities and truck
weight correlation, however, were provided in Nowak’ s study
to support these truck crossing assumptions. It is necessary to
reevaluate the multiple crossing probabilities because in eval-
uation there are many other types of situations, including low-
volume roads and the presence of known permit |oads. Some
multiple crossing probabilities are available for validation
from the studiesin Ohio by Mosesand Ghosn (1983). Itisalso
assumed in thefollowing calculations that thereisno known a
priori correlation between weights of trucksin adjacent lanes.
This assumption is probably conservative because statistical
correlation of weightsin adjacent lanes may actually be nega-
tive, given that it is lighter rather than very heavy trucks that
can use the passing lane.

According to Nowak’s calibration of the AASHTO design
LRFD for a 75-year design life, the expected maximum side-
by-side loading event will be two trucks, each with a weight
corresponding to the maximum vehicle weight in a 2-month
exposure. Nowak’s conclusion is based on computer simula-
tions that use the Ontario data and his multiple presence
assumptions stated above. The corresponding truck weightsin
each lane can be estimated by taking a weight fractile corre-
sponding to the maximum of the total traffic volume divided
by afactor of 450. Given that the maximum lifetime event of
thetotal traffic correspondsto the maximum eventin 75 years,
the return period for the expected side-by-side event will be
2 months (i.e.,, 75 years divided into 450 intervals leads to a
2-month interval). Such simplified yet accurate modeling is
used herein rather than simulation methods to estimate the
maximum loading events for different site traffic situations.

5.3 EXTREME LOAD EVENTS

The results of the side-by-side moddl led Nowak to the
HL 93 loading with its corresponding live load factors in the
AASHTO design specification (Nowak, 1999). The expected
maximum 2-month truck weight event from Table B-2 of
Nowak’ sreport using the Ontario weight datais approximately
1.5timesthe corresponding HS 20 loading. The 1.5 ratiovaries
slightly depending on the span. In terms of truck weights,
the HS20 averages 1.23 timesthe AASHTO 3S2 in moment
effects, which gives 1.23times 72, or 88.6 kipsin 3S2 equiv-
alent (see Table 3), so that the expected maximum lifetime
load event is 1.5 HS20 or 133 kipsin each lane.

Although Nowak’s conservative truck traffic and multiple
presence assumptions may not cause amajor cost impactinthe
design load specification (which assumes al bridge designs
are exposed to a very severe loading regime), these assump-
tions can have a significant effect on bridge evaluation for
which most bridges see amuch less extreme loading in terms
of truck weights and volume. Existing bridges often have
been designed to lower standards than the new LRFD-HL93
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criteria, and evaluation standards must recognize this fact or
many such bridges will need to be posted or closed.

The cost to increase structure capacity for design is not
significant. For example, raising the HS20 to HS25 level
(25-percent load increase) was reported to cost less than an
average of 2 percent (Moses, 1989). However, at the evalua
tion stage, bridges with inadequate ratings must be strength-
ened at a very large cost, posted (which can cause major
inconveniences), or replaced.

For the evaluation criteriaconsidered in thisreport, the mul-
tiple presence modd will be calibrated on both observations
from WIM data and supported by amore detailed traffic mod-
eling. It will be assumed that trucks move freely in the traffic
stream and that the distribution of thetruck weightsin the pass-
ing laneisthe same asfor the genera traffic. This assumption
is conservative. The total load on the bridge is the superposi-
tion of the individual lane loads that simultaneously occur.
Only two-lane bridges are considered in this probabilistic
modeling because multiple presence data for these cases are
available. Further, specifications usualy use reduction factors
for more than two lanes, so that the two-lane case controls.

Let W, bethetruck loadin Lane 1 and W, be the truck load
in Lane 2. Thetotal load, W, isthen

Wr =W + W, (12)

If each load is assumed to be independent, then, from
probability theory (Thoft-Christensen and Baker, 1982) the
statistical parameters of W; mean value are

where W, is the mean of W, and also of W, (equal to 68 kips
above), and standard deviation,

where oy, is the standard deviation of W, and also of W,
(equal to 18 kips above).

For multiple presence cases, the expected or mean maxi-
mum |load must be estimated by first determining the expected
number of side-by-side events. That is, the expected maximum
value of therandom total weight, W, correspondsto afractile
0of 1/Nmp, Where Ny, is the number of multiple presence events
in the exposure period. Ny, is seen below as an important
parameter for deriving load factorsfor evaluation and isafunc-
tion of the ADTT value. The number of multiple presences,
Nmp, IS expressed as

Nmp = (ADTT/5) x 365 x years x Py (15)

where ADTT isdivided by 5 because the truck weight histo-
gram provided by Nowak only containsthetop one-fifth of the
truck weights. The rest of the truck population is assumed to
have negligible effect on maximum loadings. Py is the prob-

ability that atruck in the right lane is accompanied by another
truck in the passing lane so the side-by-side crossing of the
bridge causes total load superposition. For the extreme 5000
ADTT case, Nowak suggests avauefor Py of 1/15 (Nowak,
1999). For a 2-year exposure, then,

Npp = 365 x 2 x 1000 x (1/15) = 48,667 (16)

Using the standard normal distribution tablein Appendix A
gives avariate of t equal to 4.09 (i.e., 1/48667 = 0.000021,
or 1 — 0.000021 = 0.999979, which shows avalue of t = 4.09
from the standard normal distribution table). Substituting for
the expected maximum truck load (W) Using the parame-
ters of Wy in Equations 13 and 14 gives mean,

Wi = We +to, = 2W +tg,, 17)

or

Wimax =2 %X 68 +4.09 x1.414 x18 =240 kips (17a)
Thisvalue, for W, = 240 kips, is the expected or mean
maximum loading event in 3S2 equivalents acting in both
lanes during a2-year exposure under this severe loading case.
For a 75-year design exposure, the number of side-by-side
events would be 1.83 million and t = 4.87. Substituting in
Equation 17 gives the expected maximum lifetime load of

Wi = 2(68) + 4.87 x 1.414 x 18 =260 kips  (18)

This value of expected equivalent load effect in two lanes
of 260 kips should be compared with Nowak’s data men-
tioned above. Equation 8 shows that the maximum expected
lifetimeload effect is 165 kipsfor asinglelane. For two lanes,
Nowak uses a reduction in exposure so a vehicle with a
2-month return period will simultaneously be present for each
lane. The 2-month maximum truck weight is reported by
Nowak as 0.85 times the single lane expected maximum life-
time load effect acting in each lane, which gives 0.85 x
2 x 165 = 280 kips total (Nowak, 1999). This total can be
compared with the 3S2 equivalent parameters by using a
2-month exposure, so that N = 1000 x 60 days = 60,000, and
t(N) = 4.15. Theweight in each laneisthen

W = 68 + 4.15 x 18 =143 kips (19)

Thus, in two lanes, the expected loading effect would be
twice this value, or 286 kips, which compares well with the
value of 280 kips. The difference between these estimates and
the value of 260 kips shown in Equation 18 results from the
modeling herein, which assumes truck weights to be indepen-
dent, whereas Nowak’ s modeling assumes every 30th vehicle
crossing corresponds to the identical heavy vehiclestraveling
in each lane. More important than these differences, however,
aretheinfluencesin both calculations of using the exaggerated



multiple presence probabilities (one in 15 being side by side)
and the heavy truck spectrum present in the Ontario database.
For design applications, such expected load events, athough
large (i.e., 143 kips simultaneously in each lane), are well
below the factored design load for HL93 mentioned above,
whichwas 223 kipsin each lane. For the AASHTO Load Fac-
tor Design (LFD) in the Standard Specification (AASHTO,
1998), the factored loads in 3S2 equivalents would be

LFD = 2.17 x 1.23 x 382 = 2.67 x 32
= 2.67 x 72 =192 kipsper lane (20)

where the weight of a3S2is 72 kips. Table 3 showsthe aver-
age ratio of HS20 moment to 3S2 is 1.23. Thus, the LFD is
carried out at a factored load equivalent to 192 kips in each
lane compared with the 223 kips in HL93 design model.
These values are both well above the expected |oading event
of 143 kips per lane.

For a 5-year exposure period corresponding to a maxi-
mum inspection interval, the expected one-lane maximum
load isgivenin Equation 9 as 156 kips. Reducing thisvaue by
Nowak’ s two-lane reduction factor of 0.85 gives 132.6 kips
in each lane. Alternatively, using the formulas for the traffic
mode! givesavalue of N,,, = 122,000 for 5 years, and t = 4.30.
Substituting in Equation 17 givesthe expected maximum live
load effect as

Winex = 2 X 68 +4.30 x1.414 x18 =2455kips  (21)

Thisvalue amountsto 122.7 kips per lane, or slightly below
the 132.6 value just mentioned. In current AASHTO operat-
ingratings(AASHTO, 1994a), theload factor isonly 1.3times
the AASHTO lega vehicles compared with AASHTO's2.17
load factor times HS20 in design. The smaller load factor
reducesthe capacity interms of 3S2 loading from 192 kips per
lanein Equation 20 to 1.3 times 72, or only 93.6 kips per lane.
The expected load event for thetraffic just cited, namely 122.7
kips per lane, would exceed this capacity. For this reason, both
inthe AASHTO guide specifications (AASHTO, 1989) and in
the proposed Evaluation Manual, the load factor proposed for
rating severe traffic situations should be higher than the 1.3
value (AASHTO, 1982 and 19944). As shown below, the
Evaluation Manual recommendsaliveloading factor of 1.8 for
the most severe traffic situations.

5.4 TRAFFIC MODEL

The previous section showed how the side-by-side proba
bility for heavy truck crossings denoted as Py can be used to
find Ny, the number of multiple presence events. In turn, Ny,
is used to find the expected maximum loading event in 3S2
equivalentsduring the exposure period. A probability valuefor
Pgys equal to 1/15 for two trucks in side-by-side positions was
provided by Nowak without reference to a database. It will be
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assumed herein that this magnitude of side-by-side probabil-
ity isvalid only for the extreme traffic situations correspond-
ing to the 5000 ADTT value considered for the AASHTO
LRFD extreme live load cdlibration (Nowak, 1999). No data
were available to either support or refute this assumed value.

In Nowak’ sanalysis, it is assumed that 1/15 of the “heavy”
vehicle passages are accompanied by a side-by-side “heavy”
vehicleevent. Giventhat “ heavy” vehiclesaretaken as 1/5th of
the total truck population, the 1/15 assumption actually trans-
lates such that any random truck is side by side with another
truck during 1/3 of al truck passageson abridge, becausethere
arefive times as many total trucks as there are heavy trucks.

Such a multiple presence ratio, namely one out of three, is
extremely high, asis aso the assumption that one out of 30
passages for heavy trucks is aso accompanied by a side-by-
side equally heavy truck. The data provided by Moses and
Ghosn from WIM tests observed multiple presence factors of
only 1 to 2 percent for interstate sites, even with ADTT of
above 2000 (Moses and Ghosn, 1983). Multiple presence
probability is affected by traffic speed, road grade, weather,
traffic obstacles, truck platooning, and other driver and truck
characteristics. A simple traffic model will now beillustrated
to estimate multiple presence for traffic volumes asafunction
of ADTT. Themodel shows much lower estimates of side-by-
side eventsthan either the Nowak assumptionsor the observed
WIM values. However, thistraffic model does provide abase-
line for recommending side-by-side predictions as a function
of ADTT.

The Py, estimates from the model below are quite low
because the modd ignores principally the platooning of trucks
in atraffic stream. The WIM data cited will therefore be used
to calibrate this model. The model assumes vehicles move
freely in the traffic stream in both right and passing lanes.
Assume an averagetruck speed of 60 mph (88 ft/sec.), and that
80 percent of the trucks are in the right lane with an average
truck length of 60 ft. Assume aso that trucks move freely in
the passing lane. The average time between trucksin the right
laneis

24 hr x 60 mins

x 60 sec

Average time (seconds) = 080 ADTT

_ 108,000
ADTT

(22)

where ADTT is the truck volume. The average spacing in
feet between the start of onetruck to the start of the next truck
intheright laneis

Average spacing (feet) = 88 ft/sec x 108,000/ADTT

=9,504,000/ADTT (23)

The average number of slots between trucks, assuming an
average 60-ft truck length, is
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Average number of slots =[9,504,000/ADTT]/60
between trucks

= 158,400/ADTT (24)

Becausetrucks are assumed to movefreely, thereisno cor-
relation between the presence of trucks in the right lane and
the passing lanes. For every truck in the right lane, there are
assumed to be 0.25 trucks in the passing lane. The expected
probability, Py, of a side-by-side occupancy simultaneously
in the passing lanefor any truck in theright lane would bethe
chance of atruck alongside, which is0.25 (theratio of trucks
in the passing lane and the right lane), divided by the average
number of dots between trucks in the passing lane or

Rs = __0» 1.58 x 10° x ADTT (25)
158,400/ADTT

Thus, for the ADTTs of 5000, 1000, and 100, P = 0.008,
0.0016 and 0.0001578, respectively. These side-by-side prob-
abilities are much smaller than the 0.33 value given by Nowak
for an ADTT of 5000 and a so smaller than the multiple pres-
ence of 1to 2 percent given by Moses and Ghosn for ADTTS
of over 2000, where all trucks are considered, not just heavy
trucks. A major simplification in these calculationsignoresthe
platooning or bunching of heavy trucks. For example, if we
assume trucks move in groups averaging five in number, then
thevalues of Pysshould increase by afactor of 5. Thepredicted
number of side-by-side events is still below the values pre-
sented in the Nowak report. The only field-measured Py data
available pertain to the 1000 ADTT level, which can conserv-
atively betaken as 1 percent, or about seven timesthe Py from
this ssimplified traffic model.

Thus, for purposes of calibration of the Evaluation Man-
ual, herein, the following assumptions will be used.

For ADTT equal to 5000, use Nowak’s value of 1/15 for
the side-by-side probability. Thisvalue maintains consistency
between calibration of the Evaluation Manual and calibration
of the published AASHTO LRFD design specifications.

For ADTT equal to 1000, use amultiple presence probabil -
ity valueequal to 1 percent. Thevalueof 1 percent corresponds
to the valuesfound by Moses and Ghosn for even heavier traf-
fic volume and also is conservative with respect to the smple
traffic modeling just provided.

For ADTT equal to 100, use Pysequal to 0.001. Thisvalue
is consistent with subjective field observations and conser-
vative with respect to the prediction model. For such low
traffic volumes, platooning of trucksin the samelane should
be minimal.

Corresponding to these multiple presence percentages,
Table 4 presents the number of loading events and the corre-
sponding expected maximum truck weights for both one and
two lanesfound from Equations 15 and 17. The one-lane case
without multiple presenceis also included because the max-
imum load effect event on some spans may arise from aone-

lane loading. The number of one-laneloading eventsis much
greater than in the two-lane case, so it is possible for the one-
lane event to be more significant. The respective distribution
factors (D.F.s) should be used for the one- and two-lane
cases. Using the previous AASHTO distribution factors, the
one-lane case would typically be a D.F. equal to S/7 com-
pared with the two-lane D.F. of S/5.5. However, the use of
the new distribution formulas in the LRFD specifications
developed by Imbsen have dramatically changed the ratios of
one- and two-lane distributions for most spans. This devel-
opment is discussed in the next section.

Table 4 shows that, for an ADTT of 5000, the two-lane
expected (mean) maximum live loading effect in both lanes
(W5) using the Ontario truck weight statisticsis 240 kips. For
an ADTT equal to 1000, W is217.5kipsand for 100 ADTT,
W, isonly 173.9 kips. These differences in Wy with ADTT
will be used in Chapter 6 to adjust the live load factor for legal
load rating of bridges asafunction of ADTT. In Table 4, the
expected maximum live loads show greater influence with
ADTT for the two-lane case than for the one-lane case.

5.5 DISTRIBUTION FACTORS

It is necessary to introduce the D.F.s in assessing the maxi-
mum load events in multi-girder bridges. Recent changesin
lateral distribution factorsin the AASHTO specification (i.e.,
the Imbsen formulas) have changed the nominal girder bend-
ing moment effectsfor specific truck loading models. The pre-
vious AASHTO formulas or so-caled “S-OVER” equations
(e.g., S/5.5 for atwo-lane or S/7 for a one-lane loading) have
been replaced by more precise equations based on grillage
analysis and reflect the span length and lateral tiffness. The
new formulas should aso reduce the analysis uncertainties.
Although not yet carried out, thisreduction inload effect COV
may in future calculations be incorporated in the safety index
values.

Whether the one-lane or two-lane load effects will control
the evaluation rating depends on the ratio of one- and two-
lane distributions and the maximum expected truck weights
in the respective one- and two-lane cases. Assuming the
uncertainties are the same for both single-lane and multiple-
lane loadings, a lower safety index will correspond to the
higher expected girder load effect. Attention must begivenin
these comparisons to the fact that the AASHTO specification
for one-lane loads already includes a “ 1.2 multiple presence
factor” built into the distribution factor to account for differ-
ences in expected maximum load effects. In the comparisons
herein, it is assumed that the 1.2 factor is removed and the
analysisisrepresented by the distribution factors without any
built-in conservative bias. Removing the multiple presence
factor alows a consistent calibration and tabulation of live
load factors for all spans.

Consider an example prepared by Bala Sivekumar of a
simple span, composite stedl stringer bridge (65-ft span). The
Imbsen distribution factor for two or more lanes is 0.631,



23

TABLE 4 Projections of maximum loadings using Ontario truck data

Two Year Values

Two Lanes OnelLane

ADTT Pss N t Wy N t W,(kips)
5000 1/15 48667 4.09 240.1 730,000 4,70 152.6
1000 0.01 1460 3.20 2175 146,000 4.35 146.3

100 0.001 14.6 1.49 173.9 14,600 3.81 136.6
Five Year Values*
taorm)

Two Lane Case OnelLaneCase

ADTT N t N t
5000 121,667 4.3 1,825,000 49
1000 3650 35 365,000 45

100 36.5 19 36,500 4.0

*to be used with WIM data—See Chapter Six, Egns. 36 and 37.

For onelane, N =365 x ADTT x 2/5.0; t corresponds to an

exceedance value of /N, and W, =68 +1t x 18.

For two lane case, N =365 x ADTT x 2 x Pg/5; t corresponds to

an exceedance value of 1/N and W; = 2 x 68 + 1.414t x 18

while the distribution using the formulas for one-lane loaded
is0.46. Thislatter factor must be corrected by dividing by 1.2
to obtain the actual distribution factor of 0.38 without the
“built-in" multiple presence factor. The “1.2" factor, whichis
dtatistical in nature, reflects the greater likelihood of heavier
individual truck weightsin one-lane situations, but this differ-
ence is aready considered in the loading models herein.
Thus, for the 5000 ADTT case in Table4, the expected max-
imum loading in 2 yearsis 240 kipsin two lanes or 120 kips
per lane. Using the factor of 0.631 gives an expected maxi-
mum girder effect equal to 120 multiplied by 0.631, or
75.7 kips. For the one-lane loading case, Table 4 shows an
expected maximum one-laneloading of 152.6 kipsand, mul-
tiplying by the one-lane factor of 0.38, gives58.0 kips. Thus,
in this case, the two-lane load case controlsthe critical 1oad-
ing event.

For the 100 ADTT case, Table 4 shows the corresponding
two-lane expected load effect on agirder as(173.9/2) x 0.631
=54.9kips, whilefor onelaneitis136.6 x 0.38 =51.9. These
two cases are much closer. For spans, in which g; iscloser in
value to g, the single-lane situation does control the maxi-
mum loading event. Tables 5a and 5b present further com-
parisons of one- and two-lane distribution factorsusing analy-
sis data prepared by Sivakumar. Also shown in Table 5b are
datacomparing the distributionstaken from the formulaswith
direct grillage analysis. It is seen that the Imbsen formulas are
generally conservative compared with the grillage analysis.

Comparing the ratios of g,/g, shows an average of about
1.69 for the examples in Table 5b and is much higher than
would be expected using the previous AASHTO distribution

ratios, namely (S/7)/(S/5.5) which equals 1.27. Table 5a
showsthat, for the eight examples shown, the average ratio of
the new and the previous AASHTO distribution factors for
thetwo-lane caseis0.87, whilefor the one-lane caseitis0.65.
These changes are significant for several reasons. The overall
drop in distribution factors explains why bridges designed
with the new LRFD load modelsdo not have section sizesthat
significantly exceed existing HS20 designs, despite the more
severe HL93 load model. For the purposes of evaluation, the
reduction in distribution factors will raise the bridge ratings
somewhat for the same checking procedures. From areliabil-
ity point of view, higher ratings are justified. The new analy-
ses are more accurate and should have a lower scatter when
comparing computed distributionswith true val ues that would
be found from field measurements.

Even more significant for the evaluation process, however,
is the large reduction in the one-lane distributions for multi-
girder bridges. The one-lane factors are used extensively for
fatigue life calculation and for permit checking. The reduced
D.F. for one lane will appear then to significantly increase
fatigue lives (AASHTO, 1990) and also will alow heavier
permits than existed previoudly.

5.6 DYNAMIC ALLOWANCE

Much attention has been given in both bridge design and
evaluation to the dynamic increment of liveloading occurring
as a result of the inertia and dynamic response effects of a
vehicle crossing abridge span. The simplified AASHTO for-
mulas used in the past, in which impact factor was span length
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TABLE 5a Comparisonsof girder distribution factors—New LRFD distribution factorsvs. previous AASHTO specification

(data provided by Bala Sivakumar)

Imbsen Formula Prev. AASHTO Spec. Ratios***

Span (Spacing-ft) On* o** On =911 0, =514 Multi Lane Single Lane
1. 65’ steel stringer (7.33) .631 .383 .666 .524 .95 .73
2. 80’ composite steel (8.0) .595 .355 727 571 .82 .62
3. 125" composite steel (7.83) .635 .365 712 .559 .89 .65
4. 80' prestressed |-girder (8.5) 124 428 773 .607 .94 71
5. 50’ Reinf. conc. T-beam (7.83) 727 452 712 .559 1.02 .81
6. 120" prestressed I-girder (9.0) 732 416 .818 .643 .89 .65
7. 161' composite steel (13) .840 448 1.182 .929 71 48
8. 90'—90' Cont.steel I-girder (10) .698 403 .909 714 a7 57

Average= .87 .65

*multi-lane distribution in terms of truck load effect per girder based on new Imbsen formulas (Zokaie)
**one-lane distribution in terms of truck load effect per girder based on new Imbsen formulas without 1.2 multiple presence factor

***Ratio = Imbsen D.F./Previous AASHTO D.F.

TABLE 5b Comparisonsof girder distribution factor s (data provided by Bala Sivakumar)

Imbsen Formula

Grillage Analysis

Span (Spacing-ft) Om" O O/ Om" O On/G:

[General*(S) S/11 S/14 1.27-Previous AASHTO Spec.]

1. 65' steel stringer (7.33) .631 .383 1.65 .61 .35 173

2. 80" composite steel (8.0) .595 .355 1.68 .65 .35 1.90

3. 125' composite stedl (7.83) .635 .365 1.74 .62 .30 2.07

4. 80 prestressed |-girder (8.5) 724 428 1.69 .68 .35 1.95

5. 70" prestressed adj. boxes (4) 272 155 1.76 .35 .18 20

6. 50' Reinf. conc. T-beam (7.83) 727 452 161 .68 40 171
average= 1.69

S = girder spacing

*multi-lane distribution truck load per girder based on Imbsen formulas
**one-lane distribution truck load per girder without 1.2 multiple presence factor

dependent, have given rise in some specifications to detailed
dynamic analyses of bridge frequencies and dynamic models
of various truck configurations. The most significant contrib-
utor to dynamic response was found to result from irregular
bridge deck surface and from the bump at the end of the
bridge (M oses and Ghosn, 1983). Both phenomena are diffi-
cult toforecast during design, and, in such cases, thedynamic
impact isnot heavily dependent on vibrational characteristics
of either the bridge or the trucks.

Some errors by researchersin interpreting past bridge test
results also led to greater than necessary concern for the
dynamic portion of loading. Several researchers used elec-
tronic or numerical filtering techniques to estimate the dyna-
mic response portion of strain measurements (Bailey, 1996).
Although this approach is accurate for longer spans, such
approaches give erroneous results for short and medium
spans because the spacing of the axles creates a static oscil-

lationinthebridge strain record. Thisisespecialy truewhere
thetruck axle groups, rather than gross weight, play the major
part in the strain record; the former will have peaks and val-
leys corresponding to when each axle group is over the center
of the span. These maximaand minimain the strain record are
not the result of dynamics and would appear even at crawl
speeds. Filtering methods may erroneoudly identify this static
oscillation as a dynamic response, when, in fact, it is purely a
static response.

Careful examination of strain records is necessary in order
to sort out true dynamic bridge vibration from such static oscil -
lations resulting from axle spacings. When this more careful
but subjective approach is used to measure the dynamic im-
pactsin thefield, the dynamic responses become smaller than
had been reported previously.

It is generally recognized that the deck surface influences
any dynamic characteristics that are present. A truck cross-



ing asmooth surface will causelittle dynamic responseto the
bridge. Because of this influence, the Evaluation Manual
allows impact values ranging from 0.1 to 0.3 based on deck
condition, which may be characterized during the inspection.
For design, a larger value of impact is appropriate because
deck condition is not known. Consequently, several specifica
tions, including the Ontario Bridge code (Ontario Highway
Bridge Design Code, 1993), have simplified the dynamic
response calculations and removed the formulas that equate
impact to bridge frequency and other dynamic parameters.
Dynamic response is important for the fatigue portion of
loading because it affects every truck crossing. The assess-
ment of the lifetime maximum loading event, however, isless
dependent on bridge dynamics for several reasons:

1. Itis known from bridge test data and analysis that the
impact percentage decreaseswith heavier truck weights.

2. Further, the maximum truck loading event is usually
associated with a multiple-presence crossing, and the
overall dynamicload asapercent of static effect reduces
even more because the dynamic responses of the bridge
resulting from each truck will not likely coincide.

3. The increased stress response because of dynamic
behavior existsfor avery short timeinterval, perhaps a
fraction of a second depending on bridge frequency.
High strain rates of loading simultaneously cause an
increase in the yield point of steels, which offsets part
of the dynamic portion of the response record.

4. If dynamic response were to cause a bridge to exceed
the yield limit, the dynamic response would be further
controlled because cal cul ations show that bridge damp-
ing isan important factor in dynamic behavior and ma-
teria yielding significantly raises the damping level.

5. Slight changes in positioning a vehicle laterally on the
bridge may lead to changes in peak strain observed that
morethan offset the contribution resulting from dynamic
effects. This effect of transverse vehicle placement has
also made it difficult to measure dynamic strainsin field
tests.

In summary, dynamic response modeling may often be
overestimated. For design, specifying a constant value of
impact for al bridges (e.g., 33 percent for the HL93 vehicle
portion of the loading in AASHTO) is sufficiently accurate
and serves simply to further increase the overall safety mar-
gin. Thisincrease in safety margin is important, especially
where pressures to increase legal 1oads have made the sub-
ject of justifying the existing safety margins germane. Accu-
rate dynamic response of bridgesismorerelevantintheeval-
uation process, where the condition of the approach and the
deck surface can be inspected. In the proposed Evaluation
Manual, the impact varies from 0.1 to 0.3, depending on the
roadway surface condition, and is the approach contained in
the AASHTO Guide Specification (AASHTO, 1989). See
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NCHRP Report 301 for further explanation of these values
(Moses, 1989). The added load effect of an impact factor in
the checking formulasin the Evaluation Manual may leadtoa
recommendation for improving the deck surface in order to
raise the ratings. This action will have a positive effect on the
bridge' s durability and fatigue life. For this reason, simplified
impact formulas, such as those suggested herein, which are
fixed percentages based on approach and deck condition, are
warranted.

Exhaustive surface measurements of deck elevations, ac-
companied by dynamic analysis of the bridge for varioustruck
types, are usually not warranted for the reasons discussed
above. As stated in the Evaluation Manual, bridge measure-
ments can be made to estimate dynamic responses. However,
special care must be taken in such astudy and the discussion
cited above must be fully taken into consideration. These
considerations include use of heavy trucks for the test vehi-
cles, careful positioning of vehicles to obtain strain repeata-
bility, and accurate interpretation of strain recordsto estimate
dynamic values. (See also NCHRP, 1998)

5.7 STRUCTURE SYSTEM CAPACITY
AND MEMBER CONDITION

In LRFD design specifications, the nominal calculated
resistance is multiplied by a resistance factor, ¢, associated
with agiven type of component. The resistance factor depends
on the resistance hias (i.e., ratio of mean to nominal strength
value) and the corresponding component strength uncertainty
(i.e, COV). Thehigher the bias, thelarger will bethefactor ¢,
while agreater resistance uncertainty reduces ¢. The values of
@are found during the calibration process and depend also on
the target safety index.

In the proposed Evaluation Manual, the component resis-
tance capacity is further factored by a system factor ¢ and a
member condition factor, ., in addition to the resistance fac-
tor for the component type, ¢. These additional two factors
are now described.

5.7.1 System Factor, @

The proposed Evaluation Manual recognizes that a span’'s
ultimate strength, rather than solely the component strength,
should be the basis for load rating. System redundancy was
considered infixing therating criteriafor the AASHTO guide
specifications (AASHTO, 1989, and Moses and Verma,
1987). There are severa reasonsfor including system reserve
or ultimate bridge capacity in therating. First, system reserve
helpsto justify thereliability targetsinherent inthe AASHTO
operating stress levels. As pointed out above, safety indexes
are calculated for individual component or member limit
states. If theinventory or design reliability index corresponds
to abeta of 3.5, the operating betas will be lower on a compar-
ative scale. These indexeswere found in the NCHRP 12-28(1)
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study (Moses and Verma, 1987) to average around 2.5 for
working stressand 2.3 for |oad factor rating. Such lower beta
valuesfor rating, if formally interpreted as actuaria risks, are
inconsistent with the needs for public safety. Furthermore,
observed bridge failure rates surely indicate higher safety
indexes than implied by the values calculated for operating
ratings for members.

The explanation offered in the NCHRP 12-28(1) study
was that system or ultimate strength betas were higher than
component betas, typically by anincreasein 3 of 1.0. Allow-
ing operating levels of rating only for spans with known
redundancy would then ensure that operating ratings of 2.5
for components actually implied a system beta of 3.5, which
represents adequate reliability. In the AASHTO guide spec-
ification (AASHTO, 1989), the definition of redundancy was
left to the engineer and the wording was simply the same as
appearing in the AASHTO design specifications under the
fatigue section (AASHTO, 1998).

In the proposed Evauation Manual, the quantification of
redundancy is excerpted from the recent study by Ghosn and
Moses appearing in NCHRP Report 406, which definesredun-
dancy more carefully and considersthe detail s of member and
span geometry. On acomparable scale, bridgesthat satisfy the
legal load rating requirement will have safety indexes against
system failure closer to 3.5, rather than the operating member
target betaof 2.5. (Again, these values are notional values and
are not to beinterpreted actuarially.) The system contributions
areincorporated in the Evaluation Manual in the rating equa
tion through the value of @,

Values of ¢ below 1.0 show a limited redundancy, while
values above 1.0 mean a highly redundant geometry. NCHRP
Report 406 a so shows how adirect analysisfor aspecific span
can be carried out to find the system factor. The use of system
properties in the evaluations leads to more uniform safety
indexes among different spans with respect to collapse. The
evaluation does not consider service levels of performancein
defining requirements for system redundancy—only ultimate
strength.

As computer programs capable of performing nonlinear
structural analysis become more readily available, it is ex-
pected that bridge eval uation engineerswill devel op even more
precise expressionsfor ultimate strength. Nonlinear analysis,
for example, has become routine in evaluating existing steel
offshore oil platforms using analyses of three-dimensional
rigid frameworks with flexible foundations under static, wind,
wave, current, and earthquake loadings (Kriger et al., 1994).
The redundancy calibration (Ghosn and Moses, 1998) for
bridges established criteria (based on reliability methods) to
enable the results of such nonlinear analyses to be readily
incorporated in the bridge-rating process.

The system factorsprovided in the Evaluation Manual taken
from NCHRP Report 406 (Ghosn and Moses, 1998) are
intended for bending moment checks. System factorsfor shear
are not provided, and a uniform value of ¢ = 1.0 should be
used for checking shear. Shear failures in members are often

brittle, so the presence in a system of parallel members may
not provide added shear capacity through redundancy. Bend-
ing failuresare usually ductile, so redundancy does add to sys-
tem bending capacity.

In many LRFD design specifications, the target beta for
brittle type modes, such as shear or buckling, are made higher
than for ductile modes, such as bending, so that brittle type
failures are not likely to control the structure reliability. It is
not clear whether higher targets for shear were prescribed for
the AASHTO LRFD design specifications, athough use of
conservative shear formulas for concrete members has been
reported. In principle, thetarget betalevel for any brittle type
limit state, such as shear, should exceed the target system beta
for bending, which was used to calibrate the system factors.

5.7.2 Member Condition Factor, @,

The proposed Evaluation Manual incorporates a condition
factor, ¢, based on member condition at the time of inspec-
tion. The value of @. decreases with increasing member dete-
rioration: This approach follows the same recommendations
given in the AASHTO guide specification derived in NCHRP
Project 12-28(1) (Moses and Verma, 1987). The influence of
member deterioration isto reduce the component’ slegal 1oad
rating. The condition factor is not intended to replace ade-
guate inspection data. The nominal resistance, R,,, should be
the best estimate of component strength, including section
loss and other strength deteriorations. However, there should
not be a double penalty applied to deteriorated sections such
that aconservative estimate of section lossand amember con-
dition factor both reduce the factored strength in the rating
check.

The factor, @., given in the Evaluation Manual is meant to
recognize that for a deteriorated section, there is greater
uncertainty in estimating the true strength than for an as-built
member. As stated above, the resistance factor, ¢, should
decrease with larger component strength uncertainties. In
addition to greater strength uncertainties, . accountsfor pos-
sible further deterioration that may occur over the next
inspection cycle. Datato support the recommended val ues of
@. are given in NCHRP Report 301. The aim is to select a
value of @. that keeps the safety index for deteriorated com-
ponents at the same level asthetarget safety index adopted in
the calibration of the evaluation factors.

5.8 SAFETY INDEX EXPRESSIONS

The previous sections discussed the variables in the relia
bility modeling needed for calibration. Thissection el aborates
on the safety index models for the calibration of live load
factorsin rating and permit processing.

In generd, the statistical parameters describing the resis-
tance random variables areindependent of theloading descrip-
tion. The resistance uncertainties are the same values given by



Nowak for the AASHTO LRFD design calibration, except for
the system and condition factors described in the previous
section.

The dead load uncertainty isalso the same given by Nowak,
except that the uncertainty of the overlay portion of the dead
load need not be increased—provided adequate detailed field
inspection of overlay thicknessis carried out.

In describing maximum bridge live load, the uncertainty of
the truck loading depends in turn on the uncertainty of the
lateral distribution analysis, the uncertainty of the dynamic
amplification, the scatter of thetruck weight spectruminasite-
to-site comparison, and the randomness associated with an
extreme loading event simulated from vehicles chosen from
thetruck weight spectrum. Thisliveload characterization sug-
gests that the overall COV of the maximum live load effect
random variableremainsrelatively constant for different expo-
sure periods and traffic ADTT. Thus, the load COV parame-
ters given by Nowak may aso be used in the evaluation cali-
bration. The emphasisherein therefore focuses on the expected
(mean) maximum live load effect and its dependence on site-
specific data.

In a properly calibrated LRFD format, the dead load, live
load, and resistance factors are chosen so that the calculated
safety index closely approaches the target reliability index.
This selection process means that the same beta is produced
for different components and span lengths. Nowak, in fact,
calibrated the AASHTO LRFD design factors over awide
range of spans, including short spans where the live load
effect is significantly greater than the dead load effect in the
girders.

The load and resistance factors calibrated by Nowak are
also robust in nature. That is, even if some of the input datato
the safety index model (e.g., load and resistance bias, COV's,
and distribution functions) were changed, the load and resis-
tance factors selected by Nowak would still lead to uniform
safety indexesfor different componentsand spans. That is, the
average betaswith the LRFD format would still agreewith the
average betafor the sample designs used to fix the target beta.
Of course, changes in input data would change the average
beta, but the uniformity of betas and consistency with past
practicewould still be observed. Thissituationisvalid because
the reference for the calibration target is not an a priori safety
index, but rather a target deduced from the bridge sample of
past practice. See Nowak (1999) Appendix E. Changesin sta-
tistical parameters by a small amount will still produce uni-
form betas, even if the target changes. This robustness is a
characteristic of LRFD calibration and is discussed above.
[See aso an exampl e of thisrobustnessin the calibration of the
APl LRFD Specification for Offshore Structures (Moses and
Larrabee, 1988).]

Thus, for the purpose of consistency between the design
and evaluation live load factors, the beta calculations do not
have to be repeated for each calibration of the evaluation fac-
tors. Uniform betas will be achieved in evaluation by adjust-
ing the live load factor in direct proportion to the calculation
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of the expected maximum traffic live load based on site data.
This adjustment is anal ogous to a change in the bias parame-
ter of the live load. To simplify this calibration for different
liveload effects, the case where thelive load effect dominates
over dead load effects will be used as a reference case for
modifying theliveload factor for the various other evauation
options required.

Toillustratethis calibration for acomponent with liveload
only, Equation 4 reduces to

OR, = y L, (26)

The safety index may be derived from the margin of safety
expression, Equation 3. Toillustrate the calibration of v, vari-
ables L and R are both approximated as lognormal distributed
random variables. (See other LRFD formats such as AISC-
LRFD, in which the lognormal format for the safety index is
widely used in structural reliability methods.) The expression
for betais

_ L [R/]
B= Vv (7

where the numerator is the mean safety margin and the bar
on top denotesamean value and the capital V denotesthe COV
(Thoft-Christensen and Baker, 1982).

If Vg and V_ are now assumed to be equa to the values
assumed by Nowak, then betadepends only ontheratio (R/L),
which isthe mean safety factor or the mean resistance capac-
ity divided by the mean or expected maximum liveload effect.
The maximum load will be found below from the traffic
model and truck weight database and depends on ADTT.
Equation 27 shows that the required live load factor needed
to reach the target safety index should bein direct proportion
to the value of the expected maximum live load effect. For
smaller expected live loads, the live load factor can be
reduced, while, for larger expected live loads, the live load
factor should be increased.

Using Equation 26 and the definition of the bias, namely
mean divided by nominal value, the expression for the mean
safety marginis

5/77 - BrBr _ yiLla _ Bryc(Wh)g
[R/L] = "=t = By o = oL (28)
where

Bk is the component resistance bias (i.e., mean divided
by nominal value),

y. isthelive load factor,

W, isthe nominal weight of the rating vehicle,

g is the lateral distribution factor for the girder being
checked,

@istheresistance factor, and

L is the expected mean maximum live [oad.
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From Equation 28, the mean safety margin remains con-
stant, and thus 3 remains constant if v isfixed in direct pro-
portion to the expected mean maximum live load effect (L).
This relationship is used throughout the remaining part of
this report to calibrate the live load factors. That is, vy, is
selected for the various rating and permit cases so that it is
directly proportional to the calculated expected maximum
mean liveload effect. A reference caseto fix thisrelationship
of y. to achieve the target betais given in Chapter 6.

Thus, for higher mean values of the expected live loading,
therewill be proportionately ahigher liveload factor required
to maintain the target safety index. Similarly, if the mean live
load effect isreduced, then the live load factor can be reduced
accordingly. Thisrelationship will be used in the next sections
to adjust live load factors for different site parameters, such
as ADTT- and WIM-based data, and for routine and special
permit checks.
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CALIBRATION OF EVALUATION FACTORS

6.1 REFERENCE CRITERIA FOR CALIBRATION

This chapter presents the Evaluation Manual’ s method of
calibration of live load factors in the context of LRFD- or
reliability-based specifications. Thiscalibrationiscarried out
with the safety index concept and corresponding models on
load and resistances described above.

In general, load and resistance factors may be calibrated
in a number of distinct ways. In the AISC-LRFD (AISC,
1996) or API-LRFD (API, 1992) texts, for example, each
resistance component (e.g., member in bending or type of
connection) was calibrated separately with its own unique
component target beta. A component-by-component calibra-
tion meansthat the average betafor each component with the
new LRFD load and resistance factors equals the average
beta for that component type deduced using the sample of
bridge members designed with the existing design working
stress design (WSD) factors.

Theadvantage of the LRFD format isthat, after calibration,
there should be much smaller deviations in computed betas
from the target beta compared with the betas with the previ-
ousformat based on WSD rules. The Evaluation Manual ben-
efits even more from the uniformity inherent in betas in the
LRFD format because of the wide variety of site-specific
cases that must be calibrated.

In a second approach to calibration of betas, all the com-
ponents of acertain group (e.g., al steel membersin bending,
compression, or shear) are smultaneously calibrated with a
single common target safety index extracted from the exist-
ing design sample for these same components. Different
targets, however, may apply to connections, foundations, or
other materials. These different targets may be based on con-
sideration of the subjective marginal economic costs of
higher safety factors, the consegquences of component fail-
ure, or traditional design practices (e.g., specifying that a
connection shall be stronger than the member).

In the third approach, a single target betais prescribed for
al components. Thistarget may be extracted from safety index
calculations using the existing design sample and experience
represented by the WSD format.

In the fourth method, a set of LRFD factorsis calibrated
using atarget beta based on actuarial risk values and eco-
nomic criteria. This fourth approach suggests that the betas
and the corresponding risk values are actuarially correct and

that design standards should balance explicitly the construc-
tion costs and consequences of failure. Such an approach
requires not only amodel for ng risks, but also a con-
seguence cost model reflecting the damages resulting from
overloads. The optimum risk (and corresponding safety fac-
tors) occurs when marginal cost increases for higher safety
factors just balance the reduction of risk costs equal to the
cost of failure multiplied by the probability of failure.

Last, afifth calibration approach isto determine atabl e of
LRFD factors, which are based on afull range of system and
component failure consequences. These consequences are
expressed in terms of damage cost and also the marginal
cost factorsrequired to increase component reliability. This
last approach, which essentialy is an optimization of costs
and consequence risk, also considers the importance of the
bridge failure in terms of life and property loss.

The recommended approach herein for calibration of the
live load factors in the Evaluation Manual is described as
follows. The approach is suitable for an evaluation manual
that requires flexibility in specifying load factors to reflect
different site conditions and the amount of site data
retrieved. The issues of marginal costs and optimal target
risks are considered, but not explicitly. Because awide vari-
ety of engineers in different rating organizations must use
the same rules, the evaluation format must be clear and
unambiguous and lead to similar results by different inves-
tigators. Furthermore, the AASHTO LRFD Evauation
Manual must relate back to the AASHTO LRFD design
specifications and provide a clear relationship of the relia-
bilities and design margins in current design practices with
those in evaluation.

To simplify the calibration criteria for the Evaluation
Manual, it will be assumed that the calibration carried out by
Nowak for the AASHTO-LRFD design rules, namely the
dead and live load factors and resistance factors, along with
the expressionsfor nominal load and resistances, does produce
aconsistent and uniform reliability format. The AASHTO-
LRFD calibration reported a target reliability index of 3.5
(Nowak, 1999). As pointed out above, thisindex appliesto
avery severe traffic loading case. Furthermore, the target
index is actually achieved with alive load factor somewhat
smaller than the 1.75 live load factor recommended in the
AASHTO LRFD load factor table. Adjustments to develop
an evaluation-oriented live load factor will further be made
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herein to consistently reflect the site realities and economic
considerations of evaluation criteria versus design criteria.

The ADTT vaueat asite, usually known from traffic plan-
ners, was shown above to be an important variable in calcu-
lating the expected maximum live load effect. Chapter 5
showsthat the required liveload factor produces atarget beta
that depends directly on the expected or mean maximum live
load effect. Using the terms and assumptions given in Chap-
ter 5, the live load factors will be adjusted from a reference
caseto satisfy afixed target safety index (see Equation 28).
The reference case will be the severe traffic loading case in
the LRFD design calibration. Thus,

Y. = expected maximum live load effect

XY ¢ *+ reference expected liveload effect  (29)

where

Vo ret = reference live load factor

Substituting for the reference expected live load effect,
which for two lanes and 5000 ADTT was found to be 240
kips (in 3S2 equivalents), and the corresponding live load
factor derived in Section 6.2.2, which is 1.8, gives the gen-
era expression for the evaluation liveload factor for any spe-
cific application as

_expected maximum 0 1.8 [O (30)
YL= liveload effect  B40kipsH

Equation 30 ignores the relatively small influence on the
safety index that occurs when there is change in the nominal
dead-to-live-load ratios. Thisratio changesin design applica
tions for different span lengths. For evaluation, the ratio aso
changes for different site conditions. However, if a checking
format is properly cdibrated, as was done by Nowak for the
AASHTO Design LRFD, then this influence on safety index
for different spans and dead-to-live-load ratios is usually
small. [See Figures F-4 to F-10 (Nowak, 1999)].

For the very heavy 5000 ADTT traffic case, the most severe
load effect was given in Equation 17 as 240 kips, equivalent to
two 120-kip vehicles moving side by side. In addition, Equa-
tion 30 assumes that the COV of strength capacity and load
effectsare constant for al applications. Therecommended live
load factors for evaluation are, therefore, consistent with the
dataused in calibrating the AASHTO-LRFD specification.

To obtain the reference live load factor of 1.8 shown in
Equation 30 for the most severetraffic case, theliveload fac-
tors for evaluation are adjusted from the design live load
factor to account for the following considerations:

1. The exposure period in evaluation is different than the
exposure period for design. The shorter period reduces
the expected maximum live load effect given the same
truck weight population and ADTT.

2. Thetarget reliability for evaluation should be reduced
compared with the target selected for design. This re-
duction in reliability target is a consequence of eco-
nomic considerationsand of thelower cost of increased
design load factors compared with the relatively high
cost of postings, rehabilitation, or replacements caused
by inadequate ratings. These economic issues have
long been reflected in the AASHTO rating philosophy,
through less conservative safety margins for the oper-
ating rating levels and by ignoring some service limits
in rating.

3. It is unnecessary in rating to include any deliberate
conservatism that was added to the LRFD load fac-
tors. Such “rounding-up” is clearly mentioned in the
AASHTO calibration report (Nowak, 1999) and may
reflect a need to account for possible future load
growth that isnot explicitly modeled in the calibration.
Again, the costs associated with such “round-up” is
small. It was not deemed appropriate to refer to the
specifications in future load growth cushions because
the presence of these allowances may only serve to
increase the pressuresto raise truck weight limits. For
purposes of evaluating existing spans, the load growth
isnot relevant, and the “round-up” allowance should
be removed because of its cost.

4. In addition to other items affecting the load factors,
there must be a conversion of the design factors, which
are based on the HL93 load model, to the evaluation
rating model, which usesthe AASHTO legal vehicles.

5. Any site information known at the time of evaluation
should beused. During evaluation, thesitetrafficADTT
is available, aong with other parameters of the truck
traffic. The performance of the bridge under traffic load-
ings, including deflections and other service-related
observations, may be known. In addition, the construc-
tion details (such as mill reports and as-built di-
mensions) are known. Because the calibration report
(Nowak, 1999) did not explicitly spell out the indi-
vidual contributionsin the overall estimate of approx-
imately 20 percent for the maximum live load effect
COV, the influence of each item of information that
becomes availablein the evaluation cannot be explicitly
used. Nevertheless, the added knowledge of the bridge
performance at the time of evaluation should be used
in a qualitative manner to avoid requiring excessive
conservatism in evaluation compared with the design
practice.

Theseinfluences on the live load factors are considered in
recommending the live load factors for rating. The basic
approach fixes the live load factor for the most severe refer-
encetraffic case and adjuststheliveload factors based on the
corresponding expected maximum live loading events. This
approach will ensure a consistency between LRFD design



criteria and evaluation criteria. In Chapter 7, the approach
will be extended to permit truck evaluations.

6.2 RECOMMENDED LIVE LOAD FACTORS
FOR RATING

6.2.1 Design Load Check

In the proposed LRFD Evaluation Manual, the inventory
rating uses the live load factor of 1.75 applied to the HL93
nominal loading. Thisload check is the same as the current
AASHTO LRFD liveload design requirement and allowsfor
acomparison of the bridge capacity at thetime of rating with
new bridges at the time of construction. The site inspection
data affecting this check would be field information, which
may change the resistance part of the analysis because of
deterioration, and possibly also the deck condition, which
would influence the overlay thickness estimate and the
dynamic impact factor.

In addition, to provide some rel ative comparison with pres-
ent operating levels, acheck with aliveload factor of 1.35is
also prescribed. This check is applied to the HL93 nominal
loading. This“ operating” check for the design load may serve
some agencies as a possible screening criterion to determine
which spans require more intensive site data analysis for
the legal load checking. The reduction of live load factors
from 1.75to 1.35 reducesthe safety index, asdescribed inthe
following paragraphs. The index for design is given as 3.5,
while a target in the range of 2.3 to 2.5 (lifetime loading)
corresponds to AASHTQO' s existing operating criteria.

Inthe study for the AASHTO guide specification (NCHRP
Report 301), it was found that the safety index, based on
the working stress operating criteria, was 2.5 and, based on
the load factor rating, the average safety index was 2.3. In
NCHRP Report 301 (Mosesand Verma, 1987), the 2.5 target
was used, while in the final recommendations for the guide
specification, based on panel and other inputs, the 2.3 target
betawas used. In AASHTO's Condition Evaluation Manual
(AASHTO, 1994a), for the load factor rating provisions, the
live load factor for rating is reduced by a factor of 5/3, to
1.30, compared with the design load factor of 2.17.

Readers should note the discussion given above regarding
the meaning of safety index and the notional probabilities of
failure. The betas are actually parametersto assist in the cal-
ibration of uniform reliability and should not be interpreted
in actuarial failure probability terms. As new dataand analy-
sistoolsbhecomeavailabl e, the uncertaintieswill change, and,
hence, the betas will change. However, the load factors cali-
brated herein based on direct correlation to performance cri-
teria with historical AASHTO rating criteria may remain
fixed. Because of the inherent robustness of the calibration
procedure, the benefits of new dataand analysisto determine
accurate actuarial failure rates will become apparent only
when evaluation methods directly take on explicit risk cost
and benefit methods in the context of optimizing ratings.
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TABLE 6 Statisticsfor safety index computations

Case Bias COVv Distribution
Dead Load | 1.04 0.08 Normal

Live Load 1.00 0.18 Lognormal
Resistance 1.12 0.10 Normal

In order to provide a screening level for the “operating”
case that is conservative, the 2.5 target beta will be used. A
drop from a design target index of 3.5 to a screening target
of 2.5 represents about one order of magnitudeincreaseinthe
notional risk of failure. Note, however, that failure refersto
a component and not a system and is biased here toward a
severe traffic spectrum. To compare the inventory (beta =
3.5) criteria and operating (beta = 2.5) criteria, a study was
made of live load factors for different target safety indexes,
using adatabase similar to Nowak’ s (Nowak, 1999). The sta-
tistics used are provided in Table 6.

A liveload bias of 1.0 and COV of 0.18 for the live load
isin the range of Nowak’ s data. As shown in Chapter 4, the
expected maximum load effect in terms of an AASHTO 3S2
vehicle is 260 kips using the traffic modeling herein. Divid-
ing thetotal load by two provides an estimate of the expected
maximum single-lane load equal to 130 kips. The nominal
HL93 load, aso in terms of a 3S2 vehicleis shown above as
1.77 multiplied by the 3S2 vehicle, or (1.77 multiplied by
72 kips) equal to 127.4 kips per lane. Using this value gives
abias|[i.e., mean divided by nominal effect, closeto 1.0 (i.e.
130/127.4)].

Using these data, the safety indexes were computed over
awide range of nomina live-to-dead-load ratios that typify
short- to long-span bridges, namely, live/dead ratios from
0.50to 2.0 The calcul ated safety indexes are similar to those
reported by Nowak (Nowak, 1999), but do differ because of
respective model s and methods of computing betas. For the
target of 3.5, the required live load factors ranged between
1.65and 1.77, depending on the live-to-dead-load ratio. For
the target of 2.5, the required live load factors ranged
between 1.28 and 1.35. Thus, a conservative live load factor
for screening equal to 1.35 was recommended for an oper-
ating check using the HL93 loading. In most spans, the rat-
ingswill increase from the operating design load check (Sec-
tion 6.4.3 of the Evaluation Manual) to the ratings obtained
for the legal loads (Section 6.4.4 of the Evaluation Manual).

6.2.2 Legal Load Ratings

The live load factors for legal load rating represent the
most important factors calibrated in this rating process.
These factors will determine if a bridge has adequate
capacity to safely carry legal loads such as the AASHTO
legal vehicles derived from the federal bridge formula

A single set of legal load ratings is obtained using the
Evaluation Manual procedures. Thissituationisunlike pre-
vious AASHTO bridge eval uation practices, which provided
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both inventory and operating rating levels. Thenominal |oad-
ing will bethe AASHTO legal trucks or other legal vehicles
operating in the respective jurisdictions. Thetarget reliability
for calibrating the rating factors are similar, on the average,
to target reliability using the historical AASHTO operating
levels of safety. To ensure adequate safety against collapse,
the system factorsin the Evaluation Manual are adjusted so
that statically determinant members will have increased
safety indexes approaching those of the traditional inventory
or design level.

Theliveload factorsfor legal load rating recommended in
the Evaluation Manual are not intended for rating “legal”
vehicles whose weights and dimensions significantly
exceed the federal bridge formula because of “grand-
father” exemptions. Such vehicles should be checked as
routine permits using the load factors derived in Chapter 7 of
this report.

The calibration of the legal l1oad factors begins with the
design-factored loading of 1.75 multiplied by the HL93 nom-
inal load model and then makes several adjustmentsto reach
the recommended values for rating. First, consider the most
severe evaluation traffic category for routine traffic, namely
the 5000 ADTT. The proposed live load factor for rating in
this case closely agrees with the recommended AASHTO
guide specification for the most severe load category, namely
a specified live load factor of 1.8 multiplied by the nominal
AASHTO legal load effects.

The adjustments start with the nominal HL93 load effects
multiplied by the design live load factor of 1.75. Adjust the
live load factor for evaluation as follows:

 Reduce the 1.75 to 1.6 since Nowak states that 1.6 is
acceptable on the average (see Tables F-4 and F-5 in
Nowak report), but the specification adopted 1.75 to be
“more conservative.” Using 1.6 reduces the live load
factor by aratio of 0.91 (i.e., 1.6/1.75). Thetarget safety
index is meant to be an average value for different span
geometries and not alower bound on the safety level.
LRFD factors are implicitly selected to meet average
beta targets and do not satisfy the target beta for every
span. Procedures to accomplish such a task require an
iterative selection of load factors and are referred to as
Level 1l design procedures in the reliability literature
(Méelchers, 1987).

» Reduce the design target betalevel from 3.5 to the cor-
responding operating level of 2.5 mentioned above in
connection with the design load check. Severa para-
metric analyses mentioned in Section 6.2.1 above indi-
cate this reduction in beta corresponds to areduced load
factor ratio of about 0.76 (i.e., 1.35 divided by 1.75).

» Reduce the live load factor to account for a 5-year,
instead of a 75-year, exposure. Using Nowak'’ s projec-
tions of expected maximum load effect for different
durations (Table B.14) produces areduction of roughly
0.94.

» Compare the nominal HL93 bending effects with
those of the nominal AASHTO legal vehiclesgivenin
Table 3 to show an averageratio of 1.73.

» Compare the proposed live load factor for rating with
the guide specification live load factor of 1.8, by con-
sidering that the guide used a target for beta corre-
sponding to aload factor rating (LFR) of 2.3. Thisfur-
ther reduces the live load factors by aratio of 1.80/1.95
= 0.92. See NCHRP Report 301 (Moses and Verma,
1987) and the AASHTO guide specification (AASHTO,
1989) for comparisons.

» Usearesistancefactor for the LRFD of 1.0, whichisthe
value given in the AASHTO LRFD design specifica-
tions. However, for deteriorated members, alower resis-
tance value is recommended.

Balancing all these different considerations meansthat the
factored design load transforms to a factored rating load as

1.75HL 93 =1.75 x 091 x 0.76 x 0.94 x1.73 x0.92
x 352 =181 x332 (3D

The value recommended for the Evaluation Manual ispro-
vided in Table 6.4.4.2.3-1 as 1.80. This 1.8 factor is for the
worst traffic category, namely 5000 ADTT, and is consistent
with the LRFD design code and the guide specification. For
agreement with the guide specification, a further 0.95 resis-
tance value would be used. In the Evaluation Manual, how-
ever, theresistanceisreduced only when inspection indicates
capacity deterioration. Note also that the bias of the Ontario
Wgs data compared with average WIM-based data in the
United Statesisgiven in Chapter 4 as 1.07. Thisbias was not
part of the adjustments in this calibration. This additional
margin should be mentioned whenever the beta level isdis-
cussed related to risk of failure for an individual span.

Tojudge these safety margins, note that the recommended
factored live load for evaluation for this worst traffic case
(5000 ADTT and Ontario truck weight spectrum) is equiva
lent to 1.8 multiplied by 72 equal to 130 kips of truck load
(in a3S2 configuration) in each lane. In addition, thereis a
safety margin arising from the dead | oad factor and resistance
bias that makes the span able to carry additional overloaded
vehiclessafely. Thus, thereis considerable margin for reduc-
ing the factored effects for |ess severe traffic cases and for
carrying overweight permits.

Chapter 5 shows that the expected maximum live load
equals a total of 240 kips in 3S2 equivalents acting in both
lanes under the severe traffic condition. As derived above, a
factor of 1.8 multiplied by 3S2 provides atarget beta consis-
tent with acceptable AASHTO operating levels of experi-
ence for thisload situation. Because the required load factor
is proportional to the mean maximum live load in Equation
30, any reduction in the expected maximum loading leads to
aproportional reduction in the required live load factor.



For an ADTT of 1000, Table 4 shows that the maximum
expected liveload effect acting in both lanesis 217 kips. The
live load factor for this case is then

Yi1000(ADTT =1000) = 1.8 x 217/240 =1.62 (32)

The Evaluation Manual proposes using 1.60 for the 1000
ADTT category.

For ADTT = 100, it was shown in Table 4 that the maxi-
mum expected live load effect acting in both lanes is 174
kips, or 86.5 kipsof load per lane. Theliveload factor for this
case would be

Yi100(ADTT =100) = 1.8 x 174/240 =1.31 (33)

However, inthe 100 ADTT case, aone-laneload case may
govern as explained in the next paragraph. For this reason,
the recommended live load factor for 100 ADTT isgiven as
1.4 in the Evaluation Manual.

6.2.3 One-Lane Bridges

The next step is to extend the derivation of live load fac-
tors to the one-lane case using the expected maximum one-
lane loading events given in Table 4. Using Equation 30, the
following expression gives the live load factor:

1.8 _ expected maximum
— X ;
120 onelane live load

VL,oneIane -

(34)

For one-lane, it was shown in Table 4 for the 100 ADTT
case that the maximum expected live load event is 136.6
kips. Substituting in Equation 34 gives aload factor of 2.05.
Similarly, for the 5000 ADTT, the live load factor for one-
laneis2.30, and for 1000 ADTT itis2.20. The one-lanelive
load factor does not decrease significantly with the traffic
volume as in a two-lane case because side-by-side presence
does not occur in the one-lane case and only the largest indi-
vidual sample truck from the entire sequence of truck
eventsisimportant. The number of samplesislarge, evenfor
the 100 ADTT case. For one-lane bridges, the one-lane load
factors are applied to the legal loads along with the distribu-
tion factor for one-lane, namely, g;.

Using theold §5.5 and §'7 formulas, the ratio of distribu-
tion factors for one and two lanesis 1.27. With this ratio,
load effects for one- and two-lane events are similar. For the
5000 ADTT volume, thefactor of 1.8 multiplied by the ratio
1.27 equals close to the one-lane factor of 2.30. However,
using the ratio of multilane and one-lane distribution factors
givenin Table 5, it is clear that the multilane case governs.
In Table5, theaverageratio of D.F. valuesfor two- and one-
lane casesis closeto 1.70. It is only for the low traffic case
of 100 ADTT that it is possible for asingle-lane case to gov-
ern. For example, if the ratio of two-lane and one-lane D.F.
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is below 1.55 for a particular span, then for the 100 ADTT
case, the single-lane contral (i.e., 2.05, given above, divided
by 1.55 equals 1.3, thefactor found in Equation 33). To make
it unnecessary to check both single-lane and two-lane load-
ing effectsin atwo-lane bridge, the 1.3 factor for 100 ADTT
found in Equation 33 isincreased to 1.4 in the recommended
liveload factorsfor legal load ratingsin the Evaluation Man-
ual. The 1.4 factor should cover al reasonable rangesfor the
ratio of single- and two-lane D.F. values.

Single-lane live load factorsfor legal load ratings are then
only necessary for situations where the bridge containsasin-
gletrafficlane. Theliveload factorsfor legal load eval uation
would then be 2.30 for 5000 ADTT, 2.20 for 1000 ADTT,
and 2.10 for 100 ADTT.

For simplification, asinglelive load factor of 2.3 could be
applied for all traffic sites for the one-lane check.

Using alower bound on the live load factor of 1.40 for all
two-lane traffic cases al so helpsto raise the minimum level
of safety, regardless of traffic volume. Such an increase in
safety would cover cases in which the inspection interval
would be longer than shown in Table 4. Another example
would occur when individual overweight trucksin thetall of
the distribution are not adequately enveloped by the Ontario
data used for the LRFD design specification.

The proposed lower limit of 1.4 for the two-lane live load
factor in the Evaluation Manual is actually close to the load
factors specified in the previous AASHTO operating criteria,
namely 1.3, in load factor rating and 1.33 in working stress
operating rating. In both cases, the dead load factor is 1.3,
which is higher than the Evaluation Manual’s dead load
factor of 1.25, sothe overall ratingsmay besimilar. (The Eval-
uation Manual maintainsthe same dead load factor and resis-
tance factors as given in the AASHTO LRFD bridge design
specifications,) Thus, itisconcluded that theexisting AASHTO
rating factors may attain the target safety indexes only for low
traffic volumes (100 ADTT). Further comparisons are needed,
however, to take into account the new AASHTO distribution
factors and impact allowances in making a complete compari-
son in thisregard.

6.3 POSTING ANALYSIS

The previous section devel oped live load factorsfor rating
legal loads. When the computed rating factor islessthan 1.0,
abridge may need to be load posted. A posting equation and
curve are recommended in the Evaluation Manual to convert
thelegal load rating factorsto an allowabletruck weight. One
possible practiceisto use therating factor and multiply it by
the legal load to give the posting load. This simple relation-
ship, however, ignores the reliability analysis concepts used
herein.

Some agencies have recognized the increasing uncertain-
ties associated with posting by rating the bridge with operat-
ing stress levels and then selecting posting weight levels
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using the more conservative inventory levels. In addition,
some agencies consider local traffic conditions in selecting
posting levels. The aim in the recommended posting curvein
the Evaluation Manual is to present a rational consistent
approach that selects posting weights on the basis of relia-
bility estimates consistent with the philosophy of the Evalu-
ation Manual.

Posting isacomplex topic because the Evaluation Manual
recommendations overlap with variouslocal jurisdictional and
legal requirementsthat are not necessarily consistent. Exam-
ples include the question of signage and whether it shows
one, two, or three vehicles and the degree to which any extra
“cushion” is needed in the posted values. Clearly, posted
bridges present thelargest and perhapsthe sole source of bridge
failures of the type where live load effects because of vehi-
clesexceed capacity and the bridge span collapses. Y &, if the
posted bridge fails and the driver of the overloaded vehicle
isfound, then the agency isrelieved because the truck owner
isat fault and perhaps will pay for the bridge replacement.
If the signage has too much cushion, however, drivers may
stop respecting the posted signs, and overloading may then
be more likely.

The posting analysis recommended herein starts from the
point that the legal load R.F. value has been determined by
the evaluation procedures outlined in the Evaluation Manual .
Inthis case, thereisasinglerating factor produced. The new
Evaluation Manual does not produce both inventory and oper-
ating values asin the past, but rather only one recommended
rating value that considers site loadings, resistance on the
basis of inspection data, and bridge redundancy.

The philosophy recommended herein is that if the R.F. is
greater than 1.0, then the bridge is satisfactory for that legal
vehicle check. If, however, the R.F. islower than 1.0 for any
of the AASHTO legal vehicles, then the bridge should be
posted for that vehicle type, rehabilitated, or replaced.

One exception isthat areinforced concrete bridge that has
been carrying normal traffic without signs of distress need
not be posted, provided it is being inspected regularly. The
same rule applies to a posted concrete bridge, namely, the
posted value for a concrete bridge should not be reduced on
the basis of the computed rating factor if the bridge showsno
sign of distress. Instead, the bridge should be inspected fre-
quently.

The justifications for these actions for concrete bridges are
that tests and field experience have shown that, for reinforced
concrete bridges (especialy T-beams and dab bridges), there
is considerable reserve capacity beyond the computed value
and that such spans show considerable distress (e.g., spalling
and deflections) before severe damage or collapse actualy
occur.

For prestressed and steel bridges, whenever arating factor
is lower than 1.0, the bridge should be posted. It is recom-
mended in the Evaluation Manua that a single posting load
not be applied whenever a meaningful evaluation as devel-
oped in the Evaluation Manual has been carried out. The
widevariety of vehicletypes cannot be effectively controlled

by any single posting truck model. A single posting based on
a short truck model would be too restrictive for longer truck
combinations, particularly for short-span bridges. A single
posting load based on alonger combination would betoo lib-
eral for short trucks for almost any span combination.

Experience has shown that the three AASHTO legal vehi-
cles, namely Type 3, 3S2, and 3-3, adequately model short
vehiclesand combination vehiclesin general useinthe United
States. The AASHTO vehicle configurationswere a so shown
in Table 3 to provide consistent bias with respect to the new
HL93 load models. Exceptions to this assumption concern-
ing the coverage of the AASHTO legal vehiclesmay include
short but heavy special vehicles and longer train combina-
tions, but these vehicles, in most cases, would be treated as
permit vehicles.

6.3.1 Posting Curves

It is recommended herein to use the three rating factors
based on the three AASHTO legal trucks for posting deci-
sions. Thethreerating factorsfor each AASHTO rating vehi-
cle can be used to develop the posting loads for single-unit
vehicles, tractor-trailer or tractor-semitrailer combinations,
and vehicle trains, respectively. The guidelines given in the
Evaluation Manual areintended to be of assistanceto author-
ities responsible for establishing posting limits.

If, for any of the AASHTO legal vehicletypes, theR.F. is
between 0.3 and 1.0, then the posting curve presented in the
Evaluation Manual should be used to fix the posting weight
for that vehicle type. The recommended curve in the Evalu-
ation Manual isalinear relationship giving R.F. versus posted
weight. The curve providesthelegal weight of the AASHTO
truck when the R.F. equals 1.0 and goes down to 3 tonswhen
the R.F. equals 0.3. A straight line connects these two points
for each of the three rating vehicles. Although it may be
desirable to refine these curves and perhaps substitute non-
linear relationships, it was judged that the available data for
analysis were not sufficient to refine the curves.

The Ontario Bridge code uses acurvefor fixing the posted
load for each of the Bridge codes three vehicle types versus
the R.F. for that check (Ontario Highway Bridge Design
Code, 1993). However, the proposed Canadian Bridge code
does not use these curves and instead selected a straight line
(CSA, 1990). In neither code, however, isany statistical data-
base given to support the selection of the shape of the post-
ing curves. Therefore, it seems reasonable to recommend a
curve.

The proposed posting format includestheexisting AASHTO
requirement that in no instance shall abridge remain open to
vehicular traffic when the computed capacity for asingle unit
vehiclefalsbelow 3tons. Thistraditional rule, although often
stated and commonly applied, indicates neither the method
of evauation (e.g., working stress or |oad factor ratings), nor
the allowable stress level to be applied, either inventory or
operating. Nevertheless, it is reasonable that a 3-ton lower
limit be applicable.



The analysis adopted herein identifies the corresponding
rating factor that meets atarget reliability level and provides
a span with a 3-ton vehicle capacity. It is shown below that
the 3-ton level corresponds to a rating factor of 0.3. If the
R.F. fallsbelow 0.3 for any vehicle class, the span should be
closed to that vehicle type. By coincidence, this 0.3 lower
limit also agrees with the recommendation in the proposed
Canadian code (CSA, 1990), dlthough no justification isgiven
therein, except to mention that the lower limit relates to the
weight of empty vehicles. This argument does not seem rel-
evant given that the weight of vehicles that may be affected
by the lower limit is not just based on empty trucks of the
AASHTO types, but aso on vehicles such as fire trucks,
garbage haulers, and school buses.

As shown in the Evaluation Manual, the lower bound R.F.
equal to 0.3 limit is adopted in conjunction with the posting
graph. That is, if the computed R.F. islessthan 0.3, the legal
capacity for that vehicle is zero. Above an R.F. equal to 0.3,
the posting load approaches the legal load as R.F. increases
t0 1.0. The 0.3 lower R.F. limit may seem high, but the limit
relatesto asafety level computed with asinglecriteriafor the
liveload factor corresponding to an operating and not inven-
tory level. The lower limit of R.F. equal to 0.3, at which the
bridge will be closed, was derived on the basis of several
variables that change the uncertainties of the reliability cal-
culation for posted bridges compared with unposted situa-
tions. The rating factor of 0.3 may even, in some cases, be
similar to existing bridge closing criteria based on inventory
levels of stress.

6.3.2 Posting Derivation

The Evaluation Manual recommends posting loads that
drop off more quickly than the rating factor. Thus, the selec-
tion of posting loads relative to the numerically calculated
rating factor is conservative and isintended to cover the sev-
eral changes in the distribution of the random variables
affecting the reliability analysis. The uncertainties in esti-
mating the maximum live load on a posted bridge differ
markedly from those in normal traffic situations with legal
truck traffic. The following differences should especially
be noted:

1. The satistical distribution of gross vehicleweightsat a
site with a posted structure will differ from that at asite
with no postings. It islikely that, proportionately, there
will be a greater percentage of vehicles at or exceeding
the posted limit compared with the numbers close to
or exceeding the legal limit on an unposted bridge. An
allowance for potential overloads is contained in the
posting curve presented. Any overload allowance or
safety “cushion” isnot intended, however, to be used by
adriver as ajustification for subverting legal posted
signs.

Although little actual field data exist with which to
make the necessary projections, evidence existsin many
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jurisdictions that overloaded trucks have caused bridge
failures on posted spans. These failures or severe dam-
age occur because drivers deliberately ignore the posted
sign or else are unaware of the meaning of the dis-
played warning. Posting signs must be unambiguous
and widely disseminated to drivers. Exceptionsto post-
ing signsfor seasonal or production requirementsor for
other reasons should not be encouraged because such
exceptionsmay |ead driverstoignorethe potential con-
sequences of crossing a posted bridge with an over-
loaded vehicle. An allowancefor potential overloadsis
recommended in the rating factor curves presented
herein, along with a safety margin intended to maintain
areasonable reliability target level.

To provide a deliberate overload cushion, the post-
ing curve considers an additional margin of 10,000 Ib
at the level where R.F. equals 0.3 (the point at which
the span must be closed to that vehicle type). Thus, for
avehicle posting at the minimum level, namely 6000 |b
(3tons), it is assumed for this analysis that the vehi-
cle actually weighs 16,000 Ib. This weight cushion of
10,000 Ib introduces an expected load bias by aratio of
16000/6000, or 2.67. However, in the reference equa
tion for rating bridges (Equation 30), thereisaready an
expected load bias based on the expected maximum
load effect of 120,000 Ib/lane for heavy traffic com-
pared with the 80,000-1b legal loading. This ratio cor-
respondsto aload bias (mean/nominal) of 1.5. (That is,
vehicles of 120,000 Ib in each lane are shown above to
correspond to the maximum expected loading event).
So the added load biasfor aposted situation isincreased
herein by a factor of 2.67/1.5, or 1.78. This additional
liveload biaswill be used inthereliability comparisons
below.

. The percentage distribution of the gross vehicle weight

to the individual axles may change as the gross legal
weight decreases. A vehicle could satisfy both the posted
gross and the individual axle combination limits and
still cause aload effect in excess of that assumed in
the rating factor calculation. In the rating analysis, an
assumed standard axle distribution is used (e.g., see
AASHTO legd vehicles). This acute load distribution
on the axles has been incorporated in the recommended
posting curve.

L oad effectswere compared by using different spans
and unbalanced loads of a Type 3 vehicle. The compar-
ison showed that as the gross load decreases, the load
effect could increase up to 10 percent by unbalancing
or load shifting the grossweight to adifferent ratio than
assumed in the Type 3 vehicle. Thisratio of increased
moments would be higher for a combination vehicle.
For example, instead of equal load on each tandem, a
driver on a posted bridge could put all the payload on
one tandem, causing a greater load effect than would
occur using equal 1oads on each tandem. Because the
vehicle most likely to causeabridge closingisthe shorter
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Type 3 vehicle, a 10-percent modification ratio will be
used in the formulation below (i.e., raise the live load
factor by 1.1).

3. The dynamic load allowance or impact percentage
will generally increase as the gross weight of avehicle
decreases. Thisincreasein associated dynamic allowance
is reflected in estimating the lower limit of the posting
loads. For the dynamic effect, increasing the impact by
10 percent should take care of the higher impacts associ-
ated with lower grossweight.

4. It isrecommended that the reliability level inherent in
the posting curve be raised for lower posting loads to
achieve higher reliability targets. For lower posting
loads, thereisaneed for agreater precision for the post-
ing calculations, and there is a greater likelihood of
overloads occurring (based on evidence of historical
events). Also, given that posted bridges are often
older and have deteriorated spans, the reliability level
for calculating the lowest acceptable rating should be
raised at the lower posting loads. At the lower post-
ing levels, achieving reliability targets closer to design
or historic inventory levels is preferred to the higher
operating reliability levels that are characteristic of
other practicesin the Evaluation Manual. This consid-
eration of the reliability targetsis reflected in the post-
ing curve by raising the live load factors by theratio of
design value (1.75) to operating value (1.35) or aratio
of 1.3. As shown above, an increase in live load factor
by aratio of 1.3 raises the betalevel by about 1.0.

To reach a lower acceptable bound on the rating factor,
assumethat abridgeisclosed if the posted |oad reaches 3 tons,
asdetermined by the computed R.F., using the methodsinthe
Evduation Manual. For a 3-ton, Type 3 vehicle (lega weight
25 tons), modifying the rating to account for inventory,
instead of operating live load factors (an increased ratio of
1.3), increased dynamic allowance (aratio of 1.1), aload
shifting allowance (aratio of 1.1), and an additional 10,000-1b
load overweight allowance cushion (arbitrary value, which
leads to an additional live load ratio of 1.78) gives overall the
following rating:

R.F. =[3ton/25ton] x 1.3 x1.1 x1.1 x1.78
=0.34 (35)

That is, a 3-ton vehicle would correspond to a computed
R.F. of 0.34 in order to accommodate the higher uncertain-
ties and to achieve the desired reliability target, considering
the factorsjust raised.

The recommended lower limit for the rating factor before
a bridge closing should be considered is therefore given in
the Evaluation Manual as 0.3. This lower value also agrees
with the proposed Canadian specification. For the other two
AASHTO vehicles, the 0.3 minimum for R.F. should also be
applicable. The same posting curve, which goes between a

legal load for an R.F. equal to 1.0 down to 3 tons at an R.F.
equal to 0.3 should then be used for al legal vehicles. When
the R.F. for any vehicle type falls below 0.3, then that vehi-
cle type should not be allowed on the span. When the R.F.
falls below 0.3 for al vehicle types, then the span should be
considered for closure.

6.4 USE OF WIM TRUCK WEIGHT DATA

Much of the uncertainty in predicting the maximum bridge
loading results from site-to-site variationsin the intensity of
truck traffic. Often, only site volume is availablein the form
of ADTT from agency planners and, hence, is used to select
the live load factor for the legal rating, as recommended in
Section 6.2.

When both truck weight and traffic volume data are avail-
able for a specific site, then appropriate load factors should
be derived using thisinformation. Measured truck weights at
a site should be obtained by accepted WIM technology. In
general, such data should be obtained from systems capable
of undetected weighing of all trucks without having heavy
overweight vehicles bypass the weighing operation. Severa
procedures have been presented for characterizing the expected
maximum live load. This characterization uses various upper
fractiles of the measured truck statistics at a site (e.g., the
95th or 99th percentile). If possible, the presence in the
traffic stream of permit vehicles should also be extracted
from the weight population in computing the statistical pa-
rameters of the truck weight distribution. Ignoring the permit
trucks in estimating the maximum loading effects is appro-
priate when calculating the rating for the legal loadings.

Onthebasisof the previous sections, asimplified procedure
for deriving the live load factors when WIM data are avail-
able is given in the Evaluation Manual. The procedure fol-
lows the same analysis used above for deriving the live load
factors for legal ratings. In order to obtain an accurate pro-
jection of the upper tail of the WIM weight histogram, only
the largest 20 percent of all truck weights should be consid-
ered asthe basisfor fixing the truck weight spectrum and for
extrapolating to the largest loading event. A sufficient num-
ber of truck samples should be taken to provide accurate
parametersfor the weight histogram (see Section 6.4.1). Any
characteristic of a data sample, such as the 95th percentile
weight fractile (designated as Wgys) or even a simulated pro-
jection of the maximum loading event, is itself a random
variable. That is, if the measurement or sampling processis
repeated, it is likely that a different projection will be
obtained. The uncertainty of this sampling variableisreduced
as additional data are obtained. Such sampling variables are
called statistical, modeling, or subjectivevariablesinthereli-
ability literature (Melchers, 1987).

It was shown above that the live load factor should be pro-
portional to the expected maximum loading event. The live
load factor of 1.8 is deemed satisfactory for the 5000 ADTT
traffic, with an expected maximum total loading of 240 kips
in the two lanes. Thus, the reference mean girder loading for



calibration is equal to 120 kips per lane multiplied by the
two-lane distribution factor. The live load factor for mea-
sured site data should be in the same ratio as the maximum
expected loading from the measured WIM and truck traffic
field data for the particular site compared with the 120-kip-
per-lane reference value. Thus, for a two-lane loading case,
theliveload factor (y, ) should betaken asproportional tothe
expected maximum loading event divided by thereferenceload
case of 240 kips. Using Equation 30 and substituting for the
expected maximum live loading event gives

240

YL, twolane = 18 >1.30 (36)

where

W+ = the average (mean) truck weight for the top
20 percent of the weight sample of trucks,

o* = thestandard deviation of thetop 20 percent of
the truck weight sample, and

taorr) = fractile value appropriate to the maximum ex-

pected loading event asgivenin Table4 (for the
two-lane case, the fractile value depends on the
number of side-by-side occurrences, which
depends onthe ADTT).

Equation 35 provides alower bound of 1.30, whichisless
than the specified 1.4 factor for the 100 ADTT traffic sites
given in the Evaluation Manual. A smaller factor is reason-
able because the direct use of asite’'s WIM weight database
will reduce the uncertainties in a predicted maximum load-
ing event compared with the use of the Ontario data presented
by Nowak.

The nominal factored design loading, 6, isthen found as

Ln = YL wotae X AASHTO legal load effect

X impact X g, (36a)

For the single-lane loading case, the expected maximum
liveloading event depends on the number of individual truck
passages, which aso dependsonthe ADTT. Thefractilevalue
depends on the traffic volume. The maximum loading in the
girder is obtained by multiplying the expected maximum
single-lane vehicle event by the single-lane distribution fac-
tor, g.. The reference load effect remains the same, which is
120 kipsin one-lane. Thus, the single-lane live load factor
should be taken as

[W* + t(ADTT) 0*]
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y|_, onelane = 18

The nominal factored design loading, L, isthen based on
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Ln = YL onetne X AASHTO legal load effect
x impact x g, (38)

A lower limit of 1.8 is arbitrarily placed on the one-lane
factor, based on experience with WIM data. In checking a
span, the larger of the one- and two-lane load effects shall
determine the rating factor for the component. Distribution
values for the single- and multiple-lane cases must be based
on structural analysis or field measurements without any
“built-in” multiple presence modifications. The measured
site statistical parameters, W* and o*, should be substi-
tuted in the equations for the load factors. These equations
are summarized in Section 6 of the Evaluation Manual.

6.4.1 WIM Data Requirements

The amount of WIM data needed for forecasting depends
on whether the single-lane or multilane load situation gov-
erns the maximum |loading effects. For asite when two lanes
govern, the Wy fractile should be accurate for extrapolating
to the maximum loading event because the maximum load-
ing event is controlled by two vehicles on the bridge. Single
vehicles with extraordinary weights probably will not affect
the extremeloading event. For asite where the one-lane | oad-
ing event case governs, more data are needed to project the
extreme truck loading event, becausethe extremeloading is
controlled by the heaviest single vehicle event. Consideration
in the data should be given to seasonal, weekly, and daily
variations to ensure that the maximum controlling loading
event is captured in the database.

Determining the quantity of WIM data or the number of
measured truck weights needed for assessing the site datais
difficult. Quality of datais moreimportant than quantity. An
agency should ensure that the sample data are unbiased and
that no avoidance of weighing operationsby overloaded trucks
isoccurring. Also, if possible, factor out of the data sample
any permitsthat may bein the traffic stream. For an accurate
estimate, special seasonal, weekly, or even daily fluctua-
tions should be collected.

As for the number of truck samples required, the projec-
tions use only the top 20 percent of trucks in the sample
weighed, as per Nowak. To gain agood estimate of parame-
ters after throwing away 80 percent of data, the following
estimates may be used. For high-traffic sites, probably one
24-hr equivalent weighing period would be sufficient. This
sampling period would include at least four hundred trucks
in the upper 20 percent. For a low-volume site, perhaps
2 days would be needed to have enough data to incorporate
any heavy vehicles corresponding to local industries that
may affect the high end of the truck weight distribution.
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CHAPTER 7
PERMIT VEHICLES

The Evaluation Manual recommends evaluating per-
mit requests consistent with the safety philosophy, in the
AASHTO design specifications and the Evaluation Manual’ s
proposed legal load rating requirements. Two types of per-
mits are considered—routine and special. In general, routine
permit limits typically will be as high as 50 percent above
legal, or 120 kips. In some jurisdictions, routine permits
may be allowed for vehicles up to 150 kips. Special permits
cover heavier trucks and so-called superloads. Routine per-
mit checks may also be used in evaluating so-called “ grand-
father” exemptions when such vehicles are in common ser-
vice and significantly exceed the federal bridge formula.

Inthe case of routine permits, thereisrandom traffic along-
side the permit vehicle. The frequency that a permit of a cer-
tain weight level crosses abridge may vary in different juris-
dictions. For thisreason, the Eva uation Manua recommends
a conservative analysis approach that leads, in the case of
routine permits, to atwo-lanedistribution anaysisthat places
two identical permit trucks simultaneously crossing the bridge.
The live load factors, however, for such a check are reduced
compared with legal |oad rating valuesto account for the small
likelihood of simultaneous crossing eventsand al so the lesser
likelihood that apermit truck will be significantly overloaded.
Specia permits, on the other hand, are assumed to cross the
span without another truck alongside so that the analysis uses
a single-lane distribution factor. In this case, the live load
factor isincreased to reflect the probability that thereis some
contribution from a vehicle alongside the permit vehicle.
The probability that there is a vehicle alongside the permit
vehicleisafunction of how many timesapermit vehiclewill
cross the span.

For simplifying the permit-checking calculations, the
bridge analysis assumesthat the routine permit vehicleisact-
ing in both lanes, which allows the use of the new AASHTO
distribution factors. For special permits, the one-lane loading
analysis with the AASHTO one-lane distribution factor is
recommended. It is unnecessary, therefore, in the rating
analysis to consider any cases with a permit vehicle in one
lane and some other vehicle in the other lane.

Because of the influence of random traffic, the live load
factorsfor routine permit checking depend on both the ADTT
value and the upper weight limit for the class of permit vehi-
clesbeing checked. Theliveload factor increaseswith greater
traffic volume because there is a higher chance of heavier

vehicles alongside the permit vehicle as it crosses the bridge.
Thelive load factors decrease with increasing permit weight
because the influence of random vehicles alongside the per-
mit vehicle decreases as the weight of the permit vehicle
increases.

Because specia permit vehicles usually make few cross-
ings, random traffic al ongside the permit truck will probably
have a limited influence on the live load factors. Given that
regulations among agencies vary with regard to permit fre-
guency, theliveload factorsfor specia permits should depend
on the expected number of passages of the permit vehiclein
theinspection interval. For simplification, the proposed Eval-
uation Manual does not explicitly express the live load fac-
tors as a function of the number of passages. The resultsin
thisreport, however, may be used to expresstheliveload fac-
tors as a function of the number of passages; in this case, the
specia permits should be grouped into equivalent load
effects in estimating the number of passages.

That a permit vehicle moves across a span without bridge
damage on one occasionisnot a“proof” that the permit vehi-
cle may proceed for an unlimited number of passages. For
each passage, the maximum load effect in the span is affected
by different realizations of the various random variables,
including the truck weight alongside the vehicle, the
dynamic amplification of the bridge, and even different
girder distributions because of varying lane positions of the
permit vehicle. Hence, the calibration of the permit live load
factors incorporates all these uncertainties.

Itistheintent in the Evaluation Manual to prescribeuniform
proceduresfor reviewing permit loads. Theaimisto useLRFD
methods that establish a uniform target reliability consistent
with other provisions of the Evaluation Manua as well as
procedures inherent in AASHTO LRFD design specifica
tions. The target reliability is generally the operating level
consistent with past AASHTO practices. Some agencies, how-
ever, may wish to raise the reliability for some permit cases,
such as superload permits. The commentary in the proposed
Evaluation Manual discusses this situation. Higher reliabil-
ity levels may be imposed by raising the live load factors.

The analysisfor permit loads proceeds in amanner similar
to the calculation of thelegal load rating factors—The excep-
tion being that aknown vehicleis moving in one of the lanes.
It isassumed that inspection dataare availableto establish the
nominal resistance side of the checking equation. The dead



load factors, impact factor (except where noted), and the com-
ponent resistance factors are the same values used in the legal
load rating. Live load factors for permit loads are determined
by comparing the expected maximum live load effect with the
reference case cited in Chapter 6. The reference case is for
the extreme traffic volume of 5000 ADTT, which produced
an expected truck load event per lane of 120 kips. To main-
tain the reliability targets, this event required a factored
checking load of 1.8 multiplied by the AASHTO legal vehi-
cle (e.g., the 3S2). This live load factor was identified in the
legal load rating as the requirement to meet the target relia
bility for the most severe traffic situation.

7.1 ROUTINE PERMITS

Routine permits are issued by most agencies whenever all
the bridges on a route satisfy some capacity limit. Often, in
the past, such permit criteriawere based on the operating rat-
ing factors of bridges on the route. For example, as anillus-
tration of such historical criteria, if abridge’ soperating rating
exceeded 150 percent, then the bridge was allowed to carry
routine permits up to 120 kips. Because the proposed Evalu-
ation Manual doesnot contain inventory and operating levels,
apermit analysis of the type recommended in the Evaluation
Manual should be used in place of such historical rules based
on operating ratings. The various classes of permits applica
ble in a given jurisdiction must be analyzed with the permit
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rating analyses in the Evaluation Manual, using the permit
live load factors provided in the Evaluation Manual.

The permit live load factors in Table 7 reflect the variety
and number of possible permit situations. The precision
obtained depends on how the results are presented and the
number of independent groups of permits and traffic situa-
tions. Asthe permit frequency and/or the ADTT increase, the
live load factor should also be increased. A study for Ohio
DOT presented simulations of permit effects inserted into a
traffic stream characteristic of different locations devel oped
from the WIM database (M oses and Fu, 1990). A follow-on
study was reported by Fu and Hag-Elsafi for New Y ork
State DOT that considered a more specific database and traf-
fic characterization (Fu and Hag-Elsafi, 1997).

The New York study proposed a live load factor of 1.35
for routine permits under 130 kips and 1.05 for routine per-
mits above 130 kips. Both cases use a two-lane loading dis-
tribution factor. A two-lane analysis, in effect, places the
permit vehicle alongside a second permit of equal weight.
Thus, for the higher permit weights, there is an additional
safety margin because of the assumption in the distribution
analysisthat both lanes are carrying the same permit vehicle.
It was shown by Fu and Hag-Elsafi that a conservative relia-
bility level is obtained in al cases considered (Fu and Hag-
Elsafi, 1997). Their ADTT and permit frequency were based
on historical records kept by the permit bureau in New Y ork.
Neither one-lane load cases nor the influence on the permit
live load factors because of ADTT values were noted.

TABLE 7 Two-Lane Routine Permits, Minimum Live Load Factors, and Two-L ane Checking

Live Load Factor -V, twoLane

N, Y ADTT Ng Wr P =80k P =125k P = 150k P = 200k
10 2 100 36.5 103 124 .98 91 .82
1000 73 108 1.27 101 .93 .83
5000 4487 119 134 1.05 97 .86
5 100 91 109 128 101 .93 .83
1000 183 114 131 1.03 .95 .85
5000 1217 125 1.38 1.08 .99 .88
100 2 100 365 118 134 1.05 .96 .86
1000 730 122 1.36 1.07 .98 .87
5000 4867 132 1.43 111 101 .90
5 100 912 123 1.37 1.07 .98 .87
1000 1825 127 1.39 1.09 1.00 .88
5000 12167 136 1.46 113 1.03 91

N, - number of permits per day
side by side prob.-Pgs= 0.005, 0.01, /5for ADTT = 100,1000, and 5000 respectively.
number of side by side events, Ng= N, x Py x 365 x years
Wg =68 + t(Ng) 18

t(Ng) - constant from normal prob. Table for probability level of (1 — 1/Ng)

total weight, W; = P + Wi, where, P-permit weight
For, y. See Egn. 39
eg., linel: Ng=36.5; t(Ng) = 1.92; Wz = 103; W; =103 + 80 = 183
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Possible contradictions must be considered using any set of
proposed permit rulesif theresults are applied without further
clarifications. For example, as shown in the previous chapter,
a bridge should be posted if the rating factor (R.F.) is lower
than 1.0. The severe 5000-ADTT traffic case uses the pro-
posed live load factor of 1.8. (or an R.F. of 1.0 requiresalive
load capacity of 1.8 multiplied by a 3S2 truck or 1.8 multi-
plied by 72 kips, which equals 130 kips in each lane). Thus,
the bridge would need to be posted for legal loadsif it had a
factored live load capacity of less than 130 kips. Yet, if the
agency uses the just-stated New Y ork requirements, it could
accept a permit truck of, for example, 90 kips, because afac-
tor of only 1.35 is needed (i.e., a factored load of 90 multi-
plied by 1.35 equals 21 kipsin each lane).

A set of rules causing a posting limit for trucks below the
legal truck limit of 80 kips for routine traffic (because the
span does not satisfy the legal load rating check) and at the
sametime accepting aroutine permit vehicle of 90 kipsisnot
areasonable practice. Such situations were eliminated in the
Evaluation Manual wherever they arose.

The illustration just given of a posted bridge allowing
overload permit trucks is, in fact, not illogical. The situa-
tion described arose out of New York’s proposed regula-
tions based on New York’s simulation of maximum
expected live load effects. The 1.8 live load factor for legal
load rating was derived with Nowak’ s data and produces a
maximum expected load effect of 240 kips (or 120 kipsin
each lane) for random traffic and the 5000-ADTT traffic
volume. By inserting a permit vehicle of 90 kipsin thetraf-
fic stream and checking for the event when the permit crosses
the bridge, the expected maximum loading effect is lower
compared with the maximum random traffic event. To state
it simply, putting a permit vehicle of 90 kips into the sim-
ulation does not affect the critical live load effect. The heavy
traffic, including the many overloadsin Nowak’ struck data-
base, controls the maximum load event. Hence, the bridge is
“safer” when the permit crosses than when the extreme over-
loadsin Nowak’ s random truck data are present based on the
simulation. The solution to a situation where overloads con-
trol the legal load rating is not to approve higher permits, but
to better enforce the existing truck weight regulations.

To avoid having a specification rule that approves a per-
mit on a posted bridge, thelive load factorsin the Evaluation
Manual arelinked to the same ADTT values as aretherefer-
ence valuesfor thelegal load rating. The liveload factorsfor
routine permits proposed in the Evaluation Manual converge
for low permit loads, to the same live load factors for lega
load rating. The Evaluation Manual then allows lower live
load factors for the larger permit loads. The live load factors
are constant up to 100 kips and then are reduced by interpo-
lation down to where a permit load of 150 kipsis applied. It
is expected that agencies should select some upper weight
limit on routine permits above which the category of specia
permits should be used.

7.2 PERMIT RELIABILITY ANALYSIS

The selection of live load factors for routine permits was
done as follows. Three categories of site traffic were used,
namely, ADTT of 5000, 1000, and 100. The sitetruck weight
statistics were the same as the Nowak data, namely a mean
of 68 kipsand asigmaof 18 kipsfor thetop 20 percent of the
truck weight population. The same multiple-presence mod-
eling used above for routine traffic for the three ADTT cate-
gories, namely a probability of atruck alongside the permit,
was 1/15, 0.01, and 0.001, respectively. Both 2-year and
5-year exposures were considered. The number of permits
was taken as 10 and 100 permits per day to cover the likely
range. The upper value of 100 permits per day, even with an
ADTT of 5000, corresponds to a permit percentage of 2 per-
cent, which is higher than the data reported in the New Y ork
study. A range of routine permit weights of 80 kips, 125 kips,
150 kips, and 200 kips were examined.

For each traffic case, the expected number of multiple
presenceswere estimated and the corresponding weight frac-
tile and the expected maximum truck weight of the along-
side vehicle computed. This alongside truck weight was
combined with the permit weight. For example, the most
extreme traffic hasan ADTT of 5000, 100 permits per day,
and 5-year exposure. The expected number of multiple pres-
enceswith a permit vehicle in one lane and a heavy random
vehicle selected out of the Ontario weight data in the other
laneis equal to 12,167 side-by-side passages (5 years mul-
tiplied by 365 days multiplied by 100 permits per day mul-
tiplied by 1/15). The normal distribution fractile corre-
sponding to this number of occurrences (i.e., a probability
value of 1/12167 equals 8.22 multiplied by 107%) is 3.77,
from Appendix A. The expected alongside weight corre-
sponding to this fractile is 136 kips (i.e., 68 plus 3.77 mul-
tiplied by 18). This value is independent of the weight of
the permit vehicle. Assuming apermit weight P of 125Kkips,
the total maximum expected two-lane loading weight is
261 kips (i.e., 136 plus 125).

The samereference saf ety margin given for calculating the
live load factor for rating legal vehiclesisallowed for calcu-
lating the live load factors for routine permits. Using the
same reference safety margin produces the target reliability
level (i.e., operating level).

The 1.8 live load factor multiplied by a nominal 3S2 in
each lane (weight of 72 kips) provides the target reliability
when the expected maximum truck load effect is 240 kipsfor
both lanes. In the permit checking, the live load factor is
multiplied by the weight of the permit truck, whereas, in the
reference case, the live load factor multiplied by the weight
of the 3S2 vehicle. To keep the same safety margin, theratio
of a3S2 vehicle (72 kips) and permit truck weight, P, must
be inserted in Equation 30, or

gV, 72
yL.twolane - 18240 x P (39)



where

W, = expected maximum total weight of permit and along-
side vehicles and
P =weight of permit vehicle in checking equation.

The routine permit checking uses the multilane distribution
factors that were used for deriving the reference level safety
factors for random traffic. For the example just cited from
Equeation 39, therequired liveload factor equals 1.13[1.8 mul-
tiplied by (261/240) multiplied by (72/125)]. (See Table 7.)

Table 7 presents the results of the live load factor calcula-
tions for the range of parameters mentioned above. Liveload
factorsincreasewith ADTT, permit rate, and exposure period,
and decrease with permit weight. These factors apply only to
an anaysiswith the two-lane distribution values and a permit
vehicle present in each of two lanes. The resultsin Table 7
were used to select the factorsin the Evaluation Manual. The
load factors recommended in the Eval uation Manual are upper
boundsto the valuesin Table 7 and reflect also the possibility
of one-lane check governing as discussed in the next section.
These factors were tested in several parametric and bridge
sample studies, and results were reported by Bala Sivakumar.

7.2.1 One- and Two-Lane Distribution Permit Checks

The previous paragraphs cite atwo-lane distribution analy-
siswhen checking routine permits. Thetotal load (i.e., the per-
mit and the expected maximum alongside vehicle), is placed
on the span for checking. Because the nominal permit vehi-
cleweight is used in the permit check, the live load factor in
Equation 39 has been adjusted for the total weight on two
lanes of the bridge to satisfy the reference safety margin. The
live load factor generally decreases as the weight of the per-
mit vehicle increases.

Alternatively, in some permit cases, amore accurate solu-
tion is obtained when asingle-lane distribution factor is used
and the weight of the alongside vehicle is “ superimposed”
onto the permit vehicle weight and assumed to be actingin the
same lane. Because the vehicle in the checking equation is
the permit vehicle, the live load factor is adjusted to account
for the added load effect of the a ongside vehicle. For exam-
ple, avery high permit weight and a small expected along-
side vehicle weight suggest that a single-lane case should be
used to govern the checking. In general, the live load factor
increases for larger ADTT and for the number of times that
the permit vehicle is expected to use the span.

Two approaches to treat different weight vehicles in the
two lanes were compared. The first approach, described in
the previous section, uses a sum of the truck weightsin each
lane and multiplies the sum by the two-lane distribution fac-
tor. The second approach uses aformulapresented by Zokaie
(Zokaie, 1998). The second approach follows a suggestion
developed by Modjeski and Mastersfor PennDOT. (Zokai€'s
formulais presented as Equation 42.)

In order to check whether the one- or two-lane case should
control, it is necessary to compare the single-lane distribution
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factor, g;, with the two-lane distribution factor, g,. It is
important in making this comparison to remove the implied
multiple-presence term given as “1.2,” which is built into
the AASHTO LRFD formulas for g;. The values of one-
and multiple-lane distribution factors without the multiple-
presence corrections are presented in Table 5 for several
typical beam types and spans.

In thefirst approach, the live load factor to reach the target
reliability is given in Equation 39 as

W = P+ W (40)
where

P =theweight of the permit vehicle and
Wk = expected maximum vehicle weight alongside the permit.

The factored live load effect in a girder used for component
checking, L,, isgiven as

Ln = yL,twolane Pgm (41)

where g, is the two-lane distribution factor.

In the second approach, the format presented by Zokaie
givestheequivalent load effect (W;) dueto vehicles of weight
P (permit) in one lane and W in the other lane as

W = Pg + Wk(gn — 1) (42)

where g, is the single-lane distribution factor. In Equation 42,
the equivalent load effect can be seen as the contribution
of the permit weight as asingle-lane effect and then treating
the alongside load Wy first as if it were present in both
lanes and then subtracting a one-lane effect. Equation 42is
approximate because the distribution factorsin the formu-
las for g, and g, relate to the maximum girder effect, which
is not necessarily the same girder for both the single-lane
and multilane loadings, nor is the position of the vehicle
in the transverse direction necessarily the same to produce
maximum single-lane and multilane load effects.

Some examples presented by Zokaie showed the accuracy
of thisapproximation. The purpose of Equation 42 isto ana-
lyze multilane loads with different vehicles in each lane by
using the published AASHTO distribution formulas without
having to perform anew grillage analysis. Theload effect W,
may be considered as asingle-lane maximum girder effect. To
find the required live load factor for the permit loading with
asingle-lane distribution factor, use the reference load effect
in Equation 30 and maintain the same referenceratio of nom-
inal girder resistance (R,) to expected maximum girder live
load effect (L). From Equation 28, the referenceratio for the
girder load effect is
R, _18x72g,

L 120g, (43
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wherethereferenceliveload factor isfound above as 1.8 for
the severetraffic case corresponding to the maximum expected
equal loads of 120 kips in each lane. The terms g,,, in Equa-
tion 43 are given simply to emphasize that girder resistance
and girder load effects are being compared. To maintain this
same ratio of resistance divided by expected load when a
single-lane load is applied, thelive load factor for the single-
lane should be found from

& - 18x72 Om - YL, onelane X Pgl
L 1209, W

(44)

where the permit weight P is multiplied by the live load fac-
tor and distribution factor g, to obtain the girder resistance.
W, is the maximum expected one-lane girder loading. Solv-
ing for the one-lane live load factor by substituting for W,
from Equation 42 gives

y _ 18(72)[Pg, + We(gn ~ Gu)]
L, onelane (120) P91

(49

The factored live load effect for component checking, L.,
isthen given as

I—n = yL, onelane Pgl (46)

The load effect using the two-lane distribution, Equation
41, and one-lane distribution, Equation 46, should be com-
pared to see which case governs. For example, Table 5, which
compares g,, and g, for several typical bridges, hasan average
value of g,,/g; of about 1.7. Thisratio based on grillage analy-
Sis is considerably higher than that found with previous
AASHTO ratios of g, and g, using the “S over 5.5" and “S
over 7" values for multilane and one-lane distributions. For
comparison, let the load effect ratio (¢) be written as

¢ = L,(twolane)/L,(one lane) (47)

In addition, let a equal g../g, and b equal Wx/P. Using
Equations 40 through 46 and the nondimensional pa-
rameters, a, b, and ¢ leads to

05(1 + b)a
=2 % 4
¢ 1+b(a-1 (48)

Equation 48 can be used to compare one-lane and two-
lane load effects. For example, fora=17and b=0.5,¢c =
0.94, which meansthe one-lane case governs. For a= 1.4 and
b=1.1, c=1.02 and the two-lane case governs.

Table 8 presents the results of the live load factors for the
one-lane case, assuming the average ratio of g,,/g; is equa
to 1.7. Table 8 presents results for the controlling live load

TABLE 8 Two-LaneRoutine Permits, Minimum Live L oad Factors, and One-L ane Checking

Case
Live Load Factor -y, for One-L ane Check*
Np Y ADTT Ng Wk P =80k P =125k P = 150k P =200k
10 2 100 36.5 103 2.05 1.70 1.60 147
1000 73 108 2.10 1.73 1.62 1.49
5000 4487 119 2.20 1.80 1.68 1.53
5 100 91 109 2.16 1.74 1.63 1.49
1000 183 114 2.16 1.77 1.65 151
5000 1217 124 2.25 1.83 1.70 1.55
100 2 100 365 118 2.20 1.79 1.67 1.53
1000 730 122 2.23 1.82 1.69 1.54
5000 4867 132 2.33 1.88 1.75 1.56
5 100 912 123 2.24 1.82 1.70 154
1000 1825 127 2.28 1.85 1.72 1.56
5000 12167 136 2.37 1.90 1.77 1.59

N, - number of permits per day

side by side prob.-P;,s=0.005, 0.01, 1/15 for ADTT = 100,1000, and 5000 respectively
number of side by side events, Nr= N, x Py x 365 x years

Wi = 68 + t(Ng) 18

t(Ng) - constant from normal prob. Table for probability level of (1 — 1/Ng)

For: y., onelane, See Eqgn. 45
[assume g,/g, = 1.7, for Table 7]

e.g. linel: Ng=36.5; t(Ng) = 1.92; Wi = 103;

_18x72[80+ 103 (1.7 - L0)]

y
“TT120 x 80

=2.05

* To estimate average equivalent two-lane live-load factor, divide one-lane factor by 1.7



factor for different permit percentages, exposure periods,
ADTT, and permit weights. The load factors increase with
traffic and permit volume and decrease with the weight of
the permit vehicle. In order to convert the one-lanelive load
factorsshownin Table 8 into equivalent liveload factorsfor
two lanes (i.e., produce the same nomina girder load
effects), the factors shown in Table 8 should be divided by
1.7. This latter value is the average ratio of g,,/g, used for
computing the factors in Table 8. Results of both Table 7
for two-lane cases and Table 8 for one-lane cases were com-
bined to select the recommended live load factors for the
Evaluation Manual presented herein in Table 9. Different
ratios of g,,/g, were also considered in making the selection
of factors.

It isnoted from anumber of comparisonsthat, for most cases
of routine permits, the two-lane case distribution governs. For
the specia permits, the one-lane case is recommended. Thus,
in the Evaluation Manual, the two-lane distribution is used for
routine permits. For special permits, theone-lanedistributionis
used, which placesthe permit vehiclein one-lanefor the check-
ing. In both cases, the corresponding live load factors are
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adjusted to make the factors accurately represent any |load
effect resulting from alongside vehicles.

To avoid having a special permit made acceptable for a
bridgethat is posted or for which routine permits are restricted,
the range of special permits should start at the level at which
the routine permits stop. Above some recognized weight
limit, al permits should be considered special (or escorted).
Given that the relative contribution of alongside vehicles
decreases as the permit weight level increases, the corre-
sponding live load factor also is decreased. The next section
presents the analysis of the special permit load factors that
were recommended for the Evaluation Manual.

7.3 SPECIAL PERMITS

For the special permit case, it isrecommended for greater
accuracy to use aone-lane distribution analysis. Asdescribed
above, the method for selecting the liveload factorsfor main-
taining the target reliability isto provide the reference level
of the ratio of mean resistance to mean maximum live load
effect. This method applies also to the special permit case.

TABLE 9 Recommended Tableof Live Load Factors**

Evaluations
Load Rating - Legal Loads

D.F. ADTT* L oad Factor*
two lane 5000 1.8
1000 1.6
100 14
Permit Checks
Load Factors
Permit Weight*
Permit Type Traffic D.F. ADTT 80-100 kips >150 kips
Routine mix two lane 100 14 1.10
1000 16 1.20
5000 1.8 1.30
Number of L oad Factor
Special ADTT Crossings for Permit Check
escorted onelane — — 1.15
mix one lane 100 1 1.35
1000 1 1.40
5000 1 1.50
Special mix onelane 100 less than 100 1.30
1000 " 1.40
5000 " 1.45

* |nterpolate the load factor considering ADTT and permit weight.
** See Tables 6.4.4.2.3.-1 and 6.4.5.4.2-1 in Evaluation Manual for legal load rating and permit

load rating, respectively.
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Applying this method assumes the target reliability is sat-
isfied with this ratio and that the uncertainties for special
permit loading are the same as for routine traffic. Thisisa
conservative assumption, given the wide array of variables
inthereliability modeling and thefact that site-to-site uncer-
tainty in estimating the maximum truck weight event and
corresponding load effectswill be greater for random traffic
than for special permits.

In the analysis of the one-lane |oading, the expected maxi-
mum load effect, W;, isfound from the weight contribution
of the permit vehicle, P, plus the influence of the maximum
expected weight in the adjoining lane denoted as Wi. The re-
quired load factor to maintain the reliability level must satisfy

=18 2WM

onelane = 1.8 49
YL, onel P 120 (49)
where

W =P + W (50)

Substituting Equation 50 into Equation 49 for W; is equiv-
alent to using a conservative ratio of g,,/g; equal to 2.0 in
the Zokaie formulain Equation 42. This substitution results
in live load factors that are conservative for the one-lane
checking case. The results of the calculations for the special

permit load factors are detailed in Table 10 for a range of
ADTT, the number of permit crossings, and the permit
weight. The influence of the passing lane and, hence, ADTT
issmall until the number of repetitions of the permit vehicle
exceeds about 10. The valuesin Table 10 provided the rec-
ommended factors in the Evaluation Manual (Table 9
herein) for the special permit category.

The permit factors in this report are intended to assist the
needs of the various agencies wishing to go beyond the rec-
ommendations in the Evaluation Manual. Table 10 presents
the special permit casesinterms of ADTT, a broad range of
permit weights, and the expected number of permits. Several
factors must be considered. For |low-permit weights, the ex-
pected maximum load effect can result from random traffic,
rather than from the permit loading. Thus, for the 80-kip
level of permit, the span should be controlled by theliveload
factorsfromthelegal load rating level (i.e., 1.8, 1.6, and 1.4)
for thethreelevelsof ADTT using the two-lane loading fac-
tors. As permit load increases, the relative effect of alongside
vehicles decreases and that is why the load factors are shown
to decrease with permit weight.

For the case of asingle special permit, thereisavery small
probability of any influence from arandom alongside vehicle.
As the number of times that the permit vehicleis allowed to
cross the span increases, the expected maximum alongside
weight from any crossing increases. When the number of

TABLE 10 Special Permits, Minimum Live Load Factors, One-Lane Checking Controls

Traffic D.F.

Number of Crossings-

Load Factors-One Lane

Permit Weight - kips

Mix OnelLane Wi ADTT Total / Eval. Period 80 125 150 200
3 100 1 1.08 1.08 1.08 1.08

7 1000 109 109 108 1.08
4.5 5000 1.14 112 111 1.10
34 100 10 1.13 1.11 1.10 1.10
6.8 1000 1.17 1.14 1.13 1.12
453 5000 1.63 147 1.41 1.32
34 100 100 1.54 1.37 1.32 1.26
68 1000 2.00 1.67 1.57 1.45
87 5000 2.25 1.83 1.71 1.55
83 100 1000 2.20 1.80 1.68 1.53
91 1000 2.31 1.87 1.74 1.57
107 5000 2.52 2.00 1.85 1.66

Nr= number of crossings x Py, where the latter is 1/15, 0.01 and 0.001 for ADTT = 5000, 1000 and
100, respectively. Find Wi and W; asin Table 8, assuming g,,/g; = 2.0, and W, = P + Wi

For, y.,one lane, see Egn. 49

example: P =200k, 1000 crossings and 5000 ADTT case:
Ng = 1000 x %s = 66.7, t(Ng) = 2.17 and Wk = 68 + 18(2.17) = 107 and,

W; =200 + 107 = 307,

307 x1.8x72_
200 x 120

VL, onelane = 1.66



crossings of the special permit vehicle reaches asignificant
number of repetitions, then the live load factors for routine
permits (two-lane loading) should be used.

As noted above, some agencies and consulting firms have
analyzed special permits accounting for the special permit
vehicle in one lane supplemented by a lega vehicle in the
adjacent lane. As shown in Table 10, on the order of 100
crossings of the special permit vehiclearerequired beforethe
expected alongside vehicle has a weight equal to that of a
legal vehicle. Thus, for the situations presented in the Eval-
uation Manual, it isnot necessary to model any permit move-
ments with an analysis of one permit load in one lane and a
legal vehicle inthe other lane. For routine permit evaluation,
apermit is placed in each lane and the two-lane distribution
factor is used. For specia permits, a single permit is placed
in one lane with no other vehicle in the second lane. Use of
the corresponding recommended live load factors takes
account of the contributionsfrom vehiclesin the second lane.

Table 10 showsthat, for large numbers of crossings of the
permit vehicle in the range of 1000 crossings, the load fac-
torsin Table 10 increase and reach the corresponding values
for routine permits. Note that the load effect for the routine
permitsis based on two-lane loading, while for special per-
mits, the one-lane loading distribution factors applies. For
a single-crossing event, the alongside weight is negligible
and is similar to an escorted permit.

This aspect of the analysis (i.e., that the special permit
vehicle with only a single crossing acts for the purposes of
estimating the maximum load effect asthough it were acon-
trolled escort) may be difficult for some agencies to accept.
However, the aspect of the analysis does agree with probabil-
ity notions, although agencies may choose to “reward”
escorted crossings or “penalize’ non-escorted crossings.
Rewarding escorted crossings may be done for traffic safety
and for enforcing speed and/or lateral position requirements
for the permit vehicle asit crosses the bridge.

One alternative considered is whether to raise the target
beta for special permit crossings on the basis of economic
cost/benefit grounds. Agencies should consider whether there
should be some increase in the required target reliability be-
cause the benefits to the public of only one crossing by a per-
mit vehicle may not be worth the added risk. In Chapter 6, it
was shown that an increase in load factor by about 1.35 will
raise beta about 1.0 for random traffic loadings. It is recom-
mended that decisionsbe based on thereliability anaysisrather
than on adding conservatism in the distribution analysis (i.e.,
using multilane factors) because such analysis factors add
varying amounts of increased safety, depending on span
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geometry, and may be inconsistent with the overall goals
of auniform reliability level for the system.

The Commentary in the Evaluation Manua mentionsrais-
ing live load factors for special vehicle cases such as super-
loads. The live load factors can be increased at the discretion
of the agency. The proposed increase in factors given in the
commentary for such cases raises the reliability levels to the
design or inventory level in a consistent manner. Regarding
superloads, these loads may represent the largest load that a
bridge has yet seen in its lifetime. Checking superloads is
unlike checking routine permits where the bridge has likely
carried such load levels in the past. Because of the confi-
dence resulting from such past “ proof-tests,” a higher reli-
ability for heavy superloads may bewarranted. Theincreased
factor mentioned in the Evaluation Manual commentary isto
increase y, for the superloads from avaue of 1.15t0 1.35.

Another issueisthat aspecial permit vehiclewill passover
many bridges, and, from a system point of view, an agency
may be concerned with any one of the bridges being damaged.
However, such highway system considerationsin terms of the
risk of any bridge failing are not considered in either the
AASHTO LRFD design specifications or any other aspects of
the Evaluation Manual. The aim in this report is to present
methodol ogy—highway agencies can be expected to adopt
those policies that work best in their jurisdictions.

7.3.1 Short Spans and Long
Combination Vehicles

The Evaluation Manua noted an inconsistency in long
combination permit vehicles checked for crossing short-span
bridges. For example, if a tridem from a short vehicle is
of the same weight as that of a tridem from a combination
vehicle and the tridem alone controls the short-span load
effects, then the two vehicles should be rated the same. A
problem may arise because the recommended live load fac-
tor decreases for heavier routine permit weights, as shown in
Table 9. This reduction is based on vehicle gross weight and
accounts for vehicle presence alongside the permit. For sim-
plicity, the alongsideinfluence was based on grossweight con-
tributions to load effects.

To avoid thisdilemma, it was recommended that the gross
weight of the vehicle used to interpolate for the load factor be
that portion of the vehicle that is on the span when the max-
imum live load effect occurs. Axles and groups of axles that
are not on the span when the maximum moment or shear is
computed should not be used as part of the weight total in
selecting the live load factors from the Evaluation Manual .
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CHAPTER 8
BRIDGE TESTING

The Evaluation Manua makes explicit reference to field
testing as an aid to the bridge rating process. Two types of
testing may be considered, depending on the capacity limita-
tions noted during the rating calculations. Thefirst type of test
isadiagnostic test to support amore precise load distribution
to the individual components. Such a test is needed when
structural models, including grillage or finite element meth-
ods, cannot accurately predict behavior because of uncertain-
tiesin member properties, boundary conditions, and influence
of secondary members. A field study with diagnostic models
helpsto improve or validate a structural analysis model.

The second type of test isa“proof test” and providesinfor-
mation about the strength of the bridge. The test is especialy
needed when components may have “hidden” details such as
unknown reinforcement in concrete spans and unknown brac-

ing contributionsin sted structuresor have boundary conditions
and member interaction effects that cannot be easily modeled.

Specific information on personnel qualifications for per-
forming tests, procedures for conducting atest, how to inter-
pret the output, and how to calibrate resultsto reliability targets
are provided in arecent bridge testing manual study (NCHRP,
1998). This study, which is referenced in the Evaluation Man-
ual, also contains avast list of bridge tests and examples of
rating bridges using test results. An appendix in the bridge
testing report (NCHRP, 1998) shows how field testsimprove
accuracy of bridge performance assessment and reduce the
uncertainties of load effect analysis, dynamic response, and
strength variabl es. These data can then be used to modify the
load and resistance factors in the LRFD rating formulas to
achieve the target reliability indexes.




CHAPTER 9
DIRECT USE OF BETAS IN RATING

An aternative rating procedure that allows a direct use of
safety indexes (betas) in the bridge-rating decision process
may be useful in certain situations. In general, design specifi-
cation organizations have avoided recommending involve-
ment by designers in applying safety indexes in selecting
design parameters. Thereason isthat designishbasicaly apro-
duction process in which a specification provides nominal
strength and |oading formulas and, with the aid of safety mar-
gins (in either the traditional safety factor format or the
reliability-based load and resistance factor format), a design
checking procedure. Checking procedures lend themselves
to computerization and to consistency among different design-
ers. In the LRFD format, only the code writers deal with
probabilistic anaysis and with associated questions of target
safety and optimum risk levels.

In eval uating existing structures, however, thereisagrowing
interest in having engineers perform adirect risk assessment
to determine the future course of rehabilitation investments
and the balance of replacement costs with continued oper-
ation. Structural examplesinclude evaluation of existing off-
shore platforms and aging aircraft. Both of the latter cases
have received considerabl e research and structural reliability
applications, and the term “geriatric structures’ is entering
the engineering vocabulary. In the evaluation of existing
structures, there is ample opportunity to evaluate the trade-
offs of risk and costs analytically.

For bridge evaluation, the following situations may exist
that would lead an agency to consider a direct use of reli-
ability methods by the evaluating engineers:

- Bridges whose loss would represent significant eco-
nomic conseguences, such as long spans and suspen-
sion bridges, in which costs and conseguences for a
variety of threats (e.g., deterioration, live load, earth-
quake, scour, and collisions) must be considered simul-
taneously). Such bridges are not typically considered in
the specifications.

- Evaluation of bridge types not covered by the standard
specifications.

- Bridges whose live loading characteristics may differ
markedly from the descriptions contained in the Evalua-
tion Manual. For example, bridges that must carry a spe-
cial type of overloaded vehicle or bridges whose princi-
pal traffic is trucks (which changes the loading effects
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from those considered herein). Other examples may be
spansinwhich ADTT isexceptionally high or in which
thereare many morefrequent multiple-presence situations
because of traffic lights, bridge geometry, and access con-
ditions. In addition, long-span bridges may require differ-
ent live load models than considered herein. Typicaly, a
long-span live load event will be affected by “trains’ of
trucksin asingle lane, as well as by having bridge com-
ponents with much higher dead-to-live-load ratios than
used in the calibration of the AASHTO LRFD specifica-
tion.

» Bridges with material properties markedly different
from those considered herein. Such material properties
may relate to experimental materials, such asplastics or
use of epoxiesfor attachmentsor levelsof deterioration,
and material distributions markedly different from
those discussed in the Evaluation Manual. These situ-
ations would also cover cases where a site-applicable
test program has been conducted.

« Bridge spans controlled by analysis predictionsthat lead
todistributions of uncertainty of load effects greatly dif-
ferent from those reflected in the Evaluation Manual .

« Bridgetypes for which a significant body of field expe-
rience has been collected, either favorable or unfavor-
able, that suggeststhe computed reliability index should
incorporate such data. Examplesfrom other fieldsinclude
offshore platforms where Bayesian probability methods
have utilized field observations after hurricane events
to update or improve the val ues of the computed saf ety
indexes.

« A direct risk assessment of abridge may be useful when
the bridge owner is using such risks as part of an over-
all highway and bridge safety management system. In
such cases, structural risks of the type reflected herein
are notional values applicableto aparticular industrial
perspective. Combining and manipulating risksfrom dif-
ferent sources may not always lead to appropriate bal-
ance. For example, many risks result from human errors
and from unknown technological factors not expressed in
safety index calculations. The treatment of only the
notional risks may not lead to an optimum solution.

A direct use of risk analysis in the bridge assessments
should be carried out only by engineersfamiliar with thebasic
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methodol ogy of structural reliability technology. The applic-
able statistical database should be based on sufficient obser-
vations and measurements such that there is opportunity to
calibratethese datato observed bridge performance. Theengi-
neersinvolved in such ratings should demonstrate experience
inthederivation of LRFD specificationsfor structural design
and evaluation criteria

The direct rating approach with safety indexes will be ex-
plained herein as follows. The aim is to solve for the safety
index of agiven bridge component. Associated with this cal-
culation will betherating factor so that arel ationship between
safety indexes and rating factors can be obtained. A compo-
nent rating is acceptabl e if the computed saf ety index exceeds
aprescribed level.

These safety indexes are called notional valuesin the struc-
tural reliability literature. The corresponding risk values pro-
vide only the risk that load effect exceeds resistance for the
specified limit states considered. Such risksdo not includethe
following possihilities:

« Failures because of gross negligence in loading and/or
construction,

« Failures because of human errors such aserrorsin com-
putation,

« Failuresin modesthat areignored by the evaluator, and

« Failuresin modesthat are poorly understood technolog-
icaly.

Reliability procedures are not substitutesfor alimited tech-
nological understanding or alimited applicable database. In
order to apply safety index methods, alimit state failure func-
tion must be available. The existence of a failure function
clearly implies that the technology is well understood and
there is no debate that, given a realization of the random
variables, al engineerswill agree whether the component has
survived or failed.

A first-order reliability format may be sufficient, although
advanced reliability formats may be necessary. The safety
index, 3, may be written asin Equation 27 as

LnR/S
= 51
[VZR +st]1/2 ( )

This lognormal format allows beta to be calculated from
the mean load effect, S, the mean resistance, R, and their
respective coefficients of variation, Vs and V. Solving for
the load term, gives

S=Rexp[-B[VZr +V2"] (52)
For rating a span, the component load effect is composed
of dead and live load (including impact), so that substituting

gives

S=D+(RF)L=R exp[—B[VZR +V24| uz] (53)

Equation 53 allowsfor adirect solution of therating factor,
given the mean values of resistance, dead load, and live load;
their respective coefficients of variation; and the target safety
index. Alternatively, given these same dtatistical parameters,
the safety index for the component can be computed directly
from Equation 51.

To pursuethisanalysis, each random variable must be con-
sidered separately to determine each random variable's
respective bias and COV. The resistance variable is intended
to cover natural variability of materials, fabrication uncertain-
ties, and professional judgments. Professional judgment per-
tains to the method of calculating component strength and
reflects how experimental tests compare with calculated pre-
dictions. Three variables (i.e., material, fabrication, and test
variations) must al be included in the statistical parameters
(bias and COV) of theresistance variable, R.

Typical resistance valuesfor new construction in steel and
prestressed concrete are given in the AASHTO calibration
report (Nowak, 1999). Bias values on the order of 1.1 and
COVsinthe 10- to 15-percent range are typical for the over-
all resistancerandom variable, R, of common structural types.
A lognormal distribution is usually described for resistance.
For other material or component applications not covered in
that calibration report, users must either providetheir own test
data or else find relevant tests in the literature.

Dead loads consist of the effects of permanent weights on
the structure actually present at the time of evaluation. The
dead load random variable must reflect both the uncertainty
of the weight of the components and the uncertainty of the
calculation of the dead load effects on the member being
checked. A normal distribution was used by Nowak for
describing the dead load uncertainty. While there are some
data reported (Nowak, 1999) to consider the bias and COV
of the material weights, there are few data to substantiate the
dead load analysis uncertainty. One important issue in mod-
eling the dead |oad variableisto use site data on asphalt over-
lay and soil density. The use of site data could significantly
reduce the respective uncertainties compared with values
used at the design stage. Readers should consult the Nowak
report for more dead load data.

The live load variable should include a number of factors,
such as truck weight data and distribution of truck types,
dimensions, load distributions to the axles, dynamic allowance
uncertainties, and girder distribution uncertainties. Some work
published offered valuesin arange of applications (Ghosn and
Moses, 1986). For example, a COV of 10 percent was used
to cover site-to-site variationsin thetruck weight variable, Wos.
ThisCOV could bereduced if datawere obtained at asite from
WIM studies. The COV of distribution factors (i.e., the analy-
sisrandom variable) for different bridge types ranged from
8 to 13 percent, depending on respective field measurements.
However, analysis COV can usually be reduced as more
sophisticated structural anaysisisperformed, such asthe Imb-
senformulasand grillage or finite element analysis. The COV
of dynamic behavior has also been given. (See Ghosn and



Moses, 1986, and Nowak, 1999.) The principal physical vari-
ables affecting the dynamic response are surface roughness
and support bump, which are properties of the bridge being
evaluated.

A model for multiple presence of heavy vehicles on the
bridge span is also needed to predict maximum live load
effects. The presence of permit vehicles must aso be
reflected, as outlined in Chapter 7. Theseindividual liveload
variables should be combined in a consistent manner to
produce an overall bias and COV for the live load effects on
a component. Such calculations may include simulation
(Nowak, 1999) or analytica models (Ghosn and Moses,
1986). Simplified formats of the type described herein may
be applied if the user is familiar with the basic assumptions
and with the applicability of the assumptionsto the site being
investigated.

Nowak described the live load uncertainty with a normal
distribution. This distribution fit nicely into his calculation
model for the safety index. Moses and Ghosn, however, used
a log-normal description of the live load effect because this
random variable depends on aproduct of independent random
variables, including truck weight spectra, anaysis, and
dynamics. Thelognormal distribution is appropriate when the
variablebeing modeled isaproduct of other random variables.
Thelog-normal model isfrequently used in structural reliabil-
ity to describe load effects, including live loads, wind, and
wave. Simply changing the live load effect random variables
from normal to lognormal in areliability program reduces the
calculated safety index in the LRFD design calibration by
about 0.3 compared with the target of 3.5 using a norma
model for live load. Thus, it isis very important in the direct
approach to rating using betasto consider such questionsasthe
selection of distribution type. Otherwise, consistency with
respect to the LRFD design and evaluation modelswill belost.
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In addition to component reliability, the direct application
of safety indexes asameasurefor bridge rating should encom-
pass system reserves and redundancy issues. These analyses
require either advanced, nonlinear structural assessment pro-
gramsor the use of simplified tables presented inthe NCHRP
redundancy project (Ghosn and Moses, 1998). If risk trade-
offs are being contemplated because of the calculated safety
indexes (including the setting of prioritiesfor bridge rehabil -
itation), it is essential that bridge system, and not just com-
ponent capacity, be considered. In the redundancy project,
system analyses included for each bridge example (a) the
ultimate capacity to resist collapse due to overloads, (b) the
bridgeresponse, whichleadsto loss of functionality (e.g., intol-
erable displacements), and (c) damage mitigation (i.e., the
ability to withstand collapse in the event a bridge suffers a
fatigue, collision, scour, or other type of damage scenario).
A bridge to be denoted as redundant should be checked and
shown to be satisfactory for all three analysis cases.

The criteria for determining acceptability of arating using
thedirect use of betas provided in this chapter should be a sat-
isfactory reliability index. Before an acceptable target betais
fixed, it should be vaidated with past performance informa-
tion. Betas have served as notional measures of safety and
should not be confused with past actuarial experiences. There
are severa areas in this report where factors are calibrated
using conservative assumptions of performance. If al such
conservative assumptions were to be replaced by their unbi-
ased values, it islikely that the safety indexes reported herein
as target values would be much higher. The removal of con-
servative assumptions can only be carried out when more data
and performance experienceis available. Also, it isimportant
to maintain consistency between any risk-based evaluation
methodol ogy and the corresponding design methodol ogy now
contained in the new AASHTO LRFD specifications.
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CHAPTER 10
CONCLUSIONS

A consistent approach has been presented to calibrate live
load factors for the proposed AASHTO Evaluation Manual.
The aim of the calibration has been to achieve uniform target
reliability indexes over the range of applications, including
design load rating, legal load rating, posting, and permit vehi-
cleanalysis. Asmuch as possible, the database of the recently
approved AASHTO LRFD Design Specifications has been
utilized. The loading database has been based on an extreme
truck weight spectra (Nowak, 1999). The factors recom-
mended herein are consistent with this database. If truck
weights continue to increase, then the factors herein should
receive renewed investigation. No set of evaluation factors
for bridges will protect against extreme heavy truck over-
loadsor thefailureto properly inspect and maintain the bridge.
The factors recommended herein are intended to be a part of

an overall bridge management system that considers proper
load enforcement and bridge maintenance policies.

The goal in the calibration effort for the Evaluation Man-
ual has been to use the state of the art in structural reliability
modeling and bridge data. Further work needs to be done.
Such work should be aimed at improving these models and
incorporating additional field studies and bridge performance
assessments. Such investigations should lead to evaluation
criteriathat allow bridge agencies to consistently perform
tradeoffs of risk and costs, particularly in regard to site data
acquisition and performance monitoring tools. Evaluation of
bridgesisan ongoing activity for which the benefits of increas-
ing the projected safe life of the bridge may greatly exceed
the costs of improved monitoring, inspection, and evaluation
technologies.
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APPENDIX A

NORMAL DISTRIBUTION TABLE

Table of Standard Normal Probability ®(x) = ijx exp(—lxz)
\ 2T1d- 2

X D(x) X D(x) X D(x)
0.0 0.500000 0.40 0.655422 0.80 0.788145
0.01 0.503989 0.41 0.659097 0.81 0.791030
0.02 0.507978 0.42 0.662757 0.82 0.793892
0.03 0.511967 0.43 0.666402 0.83 0.796731
0.04 0.515953 0.44 0.670031 0.84 0.799546
0.05 0.519939 0.45 0.673645 0.85 0.802338
0.06 0.523922 0.46 0.677242 0.86 0.805106
0.07 0.527903 0.47 0.680822 0.87 0.807850
0.08 0.531881 0.48 0.684386 0.88 0.810570
0.09 0.535856 0.49 0.687933 0.89 0.813267
0.10 0.539828 0.50 0.691462 0.90 0.815940
0.11 0.543795 0.51 0.694974 0.91 0.818589
0.12 0.547758 0.52 0.698468 0.92 0.821214
0.13 0.551717 0.53 0.701944 0.93 0.823814
0.14 0.555670 054 0.705402 0.94 0.826391
0.15 0.559618 0.55 0.708840 0.95 0.828944
0.16 0.563559 0.56 0.712260 0.96 0.831472
0.17 0.567495 0.57 0.715661 0.97 0.833977
0.18 0.571424 0.58 0.719043 0.98 0.836457
0.19 0.575345 0.59 0.722405 0.99 0.838913
0.20 0.579260 0.60 0.725747 1.00 0.841345
021 0.583166 0.61 0.729069 1.01 0.843752
0.22 0.587064 0.62 0.732371 1.02 0.846136
0.23 0.590954 0.63 0.735653 1.03 0.848495
0.24 0.594835 0.64 0.738914 1.04 0.850830
0.25 0.598706 0.65 0.742154 1.05 0.853141
0.26 0.602568 0.66 0.745373 1.06 0.855428
0.27 0.606420 0.67 0.748571 1.07 0.857690
0.28 0.610261 0.68 0.751748 1.08 0.859929
0.29 0.614092 0.69 0.754903 1.09 0.862143
0.30 0.617911 0.70 0.758036 1.10 0.864334
0.31 0.621719 0.71 0.761148 111 0.866500
0.32 0.625517 0.72 0.764238 112 0.868643
0.33 0.629300 0.73 0.767305 113 0.870762
0.34 0.633072 0.74 0.770350 114 0.872857
0.35 0.636831 0.75 0.773373 1.15 0.874928
0.36 0.640576 0.76 0.776373 1.16 0.876976
0.37 0.644309 0.77 0.779350 117 0.878999
0.38 0.648027 0.78 0.782305 118 0.881000
0.39 0.651732 0.79 0.785236 1.19 0.882977

(continued on next page)
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" 1 & 1,2 .
Table of Standard Normal Probability ®(x) = ﬁj'_w exp(—?x ) (Continued)

X D(x) X D(x) X D(x)
1.20 0.884930 1.70 0.955435 2.20 0.986097
121 0.886860 171 0.956367 221 0.986447
1.22 0.888767 1.72 0.957284 2.22 0.986791
1.23 0.890651 173 0.958185 2.23 0.987126
124 0.892512 174 0.959071 2.24 0.987455
1.25 0.894350 175 0.959941 2.25 0.987776
1.26 0.896165 1.76 0.960796 2.26 0.988089
1.27 0.897958 177 0.961636 227 0.988396
1.28 0.899727 1.78 0.962462 2.28 0.988696
1.29 0.901475 1.79 0.963273 2.29 0.988989
1.30 0.903199 1.80 0.964070 2.30 0.989276
131 0.904902 181 0.964852 231 0.989556
1.32 0.906582 1.82 0.965621 2.32 0.989830
1.33 0.908241 1.83 0.966375 2.33 0.990097
134 0.909877 184 0.967116 2.34 0.990358
1.35 0.911492 1.85 0.967843 2.35 0.990613
1.36 0.913085 1.86 0.968557 2.36 0.990863
1.37 0.914656 1.87 0.969258 237 0.991106
1.38 0.916207 1.88 0.969946 2.38 0.991344
1.39 0.917736 1.89 0.970621 2.39 0.991576
1.40 0.919243 1.90 0.971284 2.40 0.991802
141 0.920730 191 0.971933 241 0.992024
142 0.922196 1.92 0.972571 242 0.992240
1.43 0.923641 193 0.973197 243 0.992451
1.44 0.925066 194 0.973810 244 0.992656
1.45 0.926471 195 0.974412 2.45 0.992857
1.46 0.927855 1.96 0.975002 2.46 0.993053
1.47 0.929219 197 0.975581 2.47 0.993244
1.48 0.930563 1.98 0.976148 2.48 0.993431
1.49 0.931888 1.99 0.976705 2.49 0.993613
150 0.933193 2.00 0.977250 2.50 0.993790
151 0.934478 2.01 0.977784 251 0.993963
1.52 0.935744 2.02 0.978308 252 0.994132
153 0.936992 2.03 0.978822 2.53 0.994297
154 0.938220 2.04 0.979325 254 0.994457
155 0.939429 2.05 0.979818 2.55 0.994614
156 0.940620 2.06 0.980301 2.56 0.994766
157 0.941792 2.07 0.980774 257 0.994915
1.58 0.942947 2.08 0.981237 2.58 0.995060
159 0.944083 2.09 0.981691 2.59 0.995201
1.60 0.945201 2.10 0.982136 2.60 0.995339
161 0.946301 211 0.982571 261 0.995473
1.62 0.947384 212 0.982997 2.62 0.995603
1.63 0.948449 213 0.983414 2.63 0.995731
164 0.949497 214 0.983823 2.64 0.995855
1.65 0.950529 215 0.984222 2.65 0.995975
1.66 0.951543 2.16 0.984614 2.66 0.996093
1.67 0.952540 217 0.984997 2.67 0.996207
1.68 0.953521 2.18 0.985371 2.68 0.996319
1.69 0.954486 219 0.985738 2.69 0.996427

(continued)



Table of Standard Normal Probability ®(x) =

[ e

Xz) (Continued)

~ 2Tt

X D(x) X D(x) X 1-d(x)
2.70 0.996533 3.20 0.999313 3.70 0.999892

271 0.996636 321 0.999336 371 0.999896

272 0.996736 3.22 0.999359 3.72 0.999900

2.73 0.996833 3.23 0.999381 3.73 0.999904

2,74 0.996928 3.24 0.999402 3.74 0.999908

2.75 0.997020 3.25 0.999423 3.75 0.999912

2.76 0.997110 3.26 0.999443 3.76 0.999915

2.77 0.997197 3.27 0.999462 3.77 0.999918

2.78 0.997282 3.28 0.999481 3.78 0.999922

2.79 0.997365 3.29 0.999499 3.79 0.999925

2.80 0.997445 3.30 0.999517 3.80 0.999928

281 0.997523 331 0.999533 381 0.999930

2.82 0.997599 3.32 0.999550 3.82 0.999933

2.83 0.997673 3.33 0.999566 3.83 0.999936

2.84 0.997744 334 0.999581 3.84 0.999938

2.85 0.997814 3.35 0.999596 3.85 0.999941

2.86 0.997882 3.36 0.999610 3.86 0.999943

2.87 0.997948 3.37 0.999624 3.87 0.999946

2.88 0.998012 3.38 0.999638 3.88 0.999948

2.89 0.998074 3.39 0.999650 3.89 0.999950

2.90 0.998134 3.40 0.999663 3.90 0.999952

291 0.998193 341 0.999675 391 0.999954

2.92 0.998250 3.42 0.999687 3.92 0.999956

2.93 0.998305 3.43 0.999698 3.93 0.999958

294 0.998359 344 0.999709 3.94 0.999959

2.95 0.998411 3.45 0.999720 3.95 0.999961

2.96 0.998462 3.46 0.999730 3.96 0.999963

297 0.998511 347 0.999740 3.97 0.999964

2.98 0.998559 3.48 0.999749 3.98 0.999966

2.99 0.998605 349 0.999758 3.99 0.999967

3.00 0.998650 3.50 0.999767 4.00 0.316712 E-04
3.01 0.998694 351 0.999776 4.05 0.256088 E-04
3.02 0.998736 3.52 0.999784 410 0.206575 E-04
3.03 0.998777 3.53 0.999792 4.15 0.166238 E-04
3.04 0.998817 3.54 0.999800 4.20 0.133458 E-04
3.05 0.998856 3.55 0.999807 4.25 0.106885 E-04
3.06 0.998893 3.56 0.999815 4.30 0.853006 E-05
3.07 0.998930 357 0.999821 435 0.680688 E-05
3.08 0.998965 3.58 0.999828 4.40 0.541254 E-05
3.09 0.998999 3.59 0.999835 4.45 0.429351 E-05
3.10 0.999032 3.60 0.999841 4.50 0.339767 E-05
311 0.999064 3.61 0.999847 4.55 0.268230 E-05
312 0.999096 3.62 0.999853 4.60 0.211245 E-05
3.13 0.999126 3.63 0.999858 4.65 0.165968 E-05
314 0.999155 3.64 0.999864 4.70 0.130081 E-05
3.15 0.999184 3.65 0.999869 4.75 0.101708 E-05
3.16 0.999211 3.66 0.999874 4.80 0.793328 E-06
317 0.999238 3.67 0.999879 4.85 0.617307 E-06
3.18 0.999264 3.68 0.999883 4.90 0.470183 E-06
319 0.999289 3.69 0.999888 4.95 0.371067 E-06

(continued)
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ity D00 = L (% exo(—
Tableof Standard Normal Probability ®() = [ exp(

X 2) (Continued)

X Dd(x) X Dd(x) X 1-d(x)
5.00 0.286652 E-06 6.00 0.986588 E-09 7.00 0.128 E-11
5.10 0.160827 E-06 6.10 0.530343 E-09 7.10 0.624 E-12
5.20 0.996443 E-07 6.20 0.282316 E-09 7.20 0.361 E-12
5.30 0.579013 E-07 6.30 0.148823 E-09 7.30 0.144 E-12
5.40 0.333204 E-07 6.40 0.77688 E-10 7.40 0.68 E-13
5.50 0.189896 E-07 6.50 0.40160 E-10 7.50 0.32 E-13
5.60 0.107176 E-07 6.60 0.20558 E-10 7.60 0.15 E-13
5.70 0.599037 E-08 6.70 0.10421 E-10 7.70 0.70 E-14
5.80 0.331575 E-08 6.80 0.5231 E-11 7.80 0.30 E-14
5.90 0.181751 E-08 6.90 0.260 E-11  7.90 0.15 E-14
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