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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

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

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

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

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

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signiûcant
contributions to the solution of highway Íansportation problems of
mutual concern to many responsible groups. The program,
however, is intended to complement rather than to substitute for or
duplicate other highway research programs.
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FOREWORD
By Staff

Transportation Re s e arch
Board

This report presents the results of a study on the calculation of load and resistance
factors for the AASHTO LRFD Bridge Design Specifications. Information on various
load models, and procedures for determining reliability indices, are included. The con-
tents of this report will be of immediate interest to bridge and structural engineers,
bridge researchers, and others interested in the development of the AASHTO LRFD
design code and in probabilistic design methods.

The development of a new load and resistance factor design (LRFD) code for the

design of bridges in the United States required the calculation of factors that were con-
sistent with both theory and the performance of existing bridges. Load factors account
for the variability in live and dead loads that a structure will endure during its design
life. Resistance factors account for imperfect knowledge regarding material character-
istics (especially strength), structural member geometries, and the static and dynamic
behavior of bridges, and the effect this lack of knowledge has on the ability of struc-
tures to withstand loads. Because bridge design in the United States through the 1980s

was based on the working stress (allowable stress) and load factor methods (neither of
which had formal, probabilistically determined factors for both loads and resistances),

significant new information was needed to provide the range of factors used in design.
NCHRP Project 12-33, "Development of a Comprehensive Bridge Specification

and Commentary," was initiated in 1988 with the objective of developing a compre-
hensive new design code that could eventually replace the AASHTO Standard Specï

fications for Highway Bridges (which was considered disjointed, fragmented, and not
state of the art). The product of Project 12-33 was published by AASHTO in 1994 as

the LRFD Bridge Design Specifications, and a suÍrmary of the project is published in
NCHRP Research Results Digest 198. A significanf part of the project was the devel-
opment and calibration of the load and resistance factors, and that work is the basis for
this report. The research was performed by the University of Michigan, in Ann Arbor,
Michigan, under a subcontract to Modjeski and Masters, Inc., of Mechanicsburg, Penn-

sylvania. The research results are presented in a form that allows researchers and bridge
engineers to understand the loads that were considered during the course of the project,
the types of structural resistance that were investigated, the concept of reliability and

the target reliability indices chosen for the design code, and, finally, the load and resis-
tance factors recommended for inclusion in the design specifications.

The report also describes issues related to the state of the practice-that is, how the

factors selected were intended to result in structures that performed as satisfactorily as

those designed and built using the "older" methods of working stress or load factors.
Detailed information is provided regarding the database of bridges that served to cali-
brate the new factors; this database represents bridges of many geometries, materials,
and span lengths from across the nation.

The report provides the basis for the continuous refinement of the bridge design
code as more and better data are generated related to loads, load variability, materials,
workmanship, and bridge performance.
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SUMMARY OF FINDINGS

The report describes the calculation of load and resistance
factors for the LRFD bridge design code, carried out as a part of the
NCHRP ProJect L2-33. The work involved the development of load
and resistance models, selection of the reliability analysis method and
calculation of the reliability indices.

The statistical data on load and resistance is reviewed. Load
models are developed lor dead load, live load and dynamic load.
Resistance models are developed for girder bridges (steel, reinforced
concrete and prestressed concrete). Reliability analysis is performed
for selected representative stmctures.

Three components of dead load are considered; weight of
factory-made elements, weight of cast-in-place concretã and
bituminous surface (asphalt). The statistical paiameters of dead load
are based on the available data.

The live load model is based on the available truck survey data.
The maximum live load moments and shears are calculated for one
lane and two lane girder bridges. Simple spans and contÍnuous spans
are considered. For two lanes, the coefficient of correlation betiveen
trucks traveling ,side-by-side is very important. The governing
combination is with two fully correlated vehicles, each weighing about
O.85 of the ma:rimum 75 year truck. The resulting meanlto-ñominat
ratios are not consistent. They vary from about 1.6 to over 2.1. A new
design live load has been developed which is a combination of truck
load and a uniformly distributed load. The resulting moments and
shears provide a consistent mean-to-nominal ratio of abbut 1.3 to 1.35.

The dynamic load is modeled on the basis of test results and
simulations. A special numerical procedure is developed for the
an_alysis of the d5rnamic behavior of girder bridges. Thè results of
calculations indicate that dynamic load depends nót only on the span
(natural frequency), but also on road surface roughness and vehjcle
dynamics (suspension). It is observed that dynamic load, in terms of
deflection, is constant. Therefore, the raiio of dynamic-to-static
deflection decreases for heavier trucks. Dynamic load, as a fraction of
live load, is also lower for two trucks compared to one truck cases.
The observed mean dynamic loads (in terms of static live load) are
about o.15 for one truck and less than o.r for two trucks. A
recommendation is made to use the dynamic load allowance of 0.33
applied to the truck effect only.

The resistance is considered as a product of three factors:
material (strength), fabrication (dimensions) and professional (actual-
to-theoretical behavior). The statistical parameters are derived using
special simulation procedures. Data oñ material and dimensions iõ

-l-



taken from the available literature and special studies. The parameters
are calculated for moment carrying capacity and shear carrying
capacity.

Reliability indices are calculated using an iterative procedure.
The calculations are performed for bridges designed using current
AASHTO. The resultfng reliability indices vary depending on span
length and girder spacing. The calculated reliability indices served às a
basis in the selection of the target safety level. The target retiability
index for girder bridges is taken as 3.5.

Load and resistance factors are determined so that the reliability
index of brldges designed using the new LRFD code wül be at the pre-
determined level. Recommended load factors are T = 1.25 for dead
load, except 1 = 1.5 for asphalt overlay, and y = L.7 for live load
(including impact). Resistance factors depend on statistical
parameters (bias factor and coefficient of variation) of material
properties and dimensions. It is recommended to use 0 = l.OO for
moment and shear resistance of steel girders (composite and non-
composite), 0 = l.OO for moment resistance of prestressed concrete
girders, and 0 = O.90 for moment resistance of reinforced concrete T-
beams and shear resistance of concrete girders (reinforced and/or
prestressed).

Reliability indices calculated for bridges designed using the new
LRFD code are very close to the target value of 3.5 for all materials and
9Pans. For comparison, the ratio of the required load carrying capacity
by the new LRFD code and the current AASHTO is also calculated for
the considered bridges. The results are shown in fìgures and tables.
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CFIAPTER ONE

INTRODUCTION A¡ID RESEARCH APPROACH

OBJECTME AND SCOPE OF THE REPORT

The objective of this report is to provide a background
information for load and resistance factors in the LRFD (load and
resistance factor design) bridge design code developed as a part of
NCHRP ProJect 12-33.

The report reviews the code development procedures. The
curent specifìcations use allowable stresses and/or load factor design.
The new code is based on a probability-based approach. Structural
performance is measured in terms of the reliability ( or probability of
failure). Load and resistance factors are derived so that the reliability
of bridges designed using the proposed provisions will be at the
predefined target level. The report describes the calibration
procedure (calculation of load and resistance factors). The maJor steps
include selection of representative structures, calculation of reliability
for the selected brÍdges, selection of the target reliability- index and
calculation of load factors and resistance factors. The report also
reviews some other changes related to loads and resistance models. In
particular, a new live load model is proposed which provides a
consistent safety margin for a wide spectrum of spans. Dlmamic load
model takes into account the effect of road roughness, bridge
dynamics and vehicle dynamics. Statistical models of resistance (load
carrying capacity) are summarized for steel, composite steel,
reinforced concrete and prestressed concrete. The reliability indices
for bridges designed using the proposed code are compared to the
reliability indices corresponding to the current specification.

The allowable stress method and even load factor design, do not
provide for a consistent and uniform safety level for various groups of
bridges. One of the maJor goals set for the new code is to provide a
uniform safety reserve. The main parts of the current AASHTO (!)
specification u/ere written over 40 years ago. There \¡/ere many
changes and adJustments at different times. In tl¡e result there are
many gaps and inconsistencies. Therefore, the work on the LRFD
code also involves the re-writing of the whole document based on the
state-of-the-art knowledge in various branches of bridge engineering.

The theory of code writing has been formulated in the last 2O
years. Important contributions were made by Lind, Davenport, Cornell,
Ferry-Borges, Galambos and MacGregor. The maJor tool in the
development of a new code is the reliability analysis procedure. The
reliability theory reached the degree of maturity which simplifies the
applications. Structural performance is measured in terms of the
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reliability, or probability of failure. The code provisions are formulated
so that structures designed using the code have a consistent and
uniform safety level. Currently, almost all new codes are based on the
probabilistic analysis (!).

The available reliability methods are reviewed in several
textbooks. The methods-vary \Ãrith regard to accuracy, required input
data, computational effort and special features (time-variance).- In
some cases, a considerable advantage can be gained by use of the
system reliability methods. The structure is considered as a system of
components. In the traditional reliability analysis, the analysis is
performed for individual components. systems approach ailôws to
quantify the redundancy and complexlty of the structure. The
proposed LRFD code is based on element reliability. However, system
reliability methods are used to verify the selection of redundancy
factors.

This report presents the calibration procedure, load models,
resistance models, reliability analysis and the development of load and
resistance factors. The calibration work is performed to determine the
load and resistance factors for non-composite steel girders, composite
steel girders, reinforced concrete T-beams and prestressed coñcrete
girders. The major new developments include load and resistance
models.

The dead load parameters are summarized, Live load parameters
are calculated on the basis of the truck survey data. The analysis is
performed for one lane, two and multi-lane bridges. Simple spans and
continuous spans are considered. An important part of this study is the
9ynamic _load analysis. D¡mamic load is modeled using the specially
developed numerical procedure for simulation of bridge behavibr. Thê
parameters are also calculated for load combinations.

Resistance models are developed for girder bridges. The
structural behavior is simulated using the available statistical data. The
resistance models are described for the considered structural types;
non-composite steel, composite steel, reinforced concrete T-beams
and prestressed concrete girders. The ultimate limit states are
considered, flexural capacity and shear. The statistical parameters are
derived using specially developed simulation procedures. The results
are summarued in a table.

The practical reliability methods used in this study are
summarized. Reliability indices are calculated ustng a numerical
procedure based on simulations. The flowchart of the computer
program is presented in this report. The calculations are performed
for -represqrtative bridges designed by the AASFilo G). The-spectrum
of these reliability indices, along \ /ith the evaluation of performance of
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existing bridges, serve as a basis for the selection of the target
reliability indices.

The procedure for calculation of load and resistance factors for
the new code is also described.

CALIBRATION PROCEDURE

The calibratjon procedure \¡¡as developed as a part of the ProJect
FHWA/RD-}//069 (Ð. In this project, the work on the new brid$e
design code was formulated including the following steps:

l. Selection of representatlve brtdges

About 2OO structures are selected from various geographical
regions of the United States. These structures cover materials,
types and spans which are characteristic for the regi-on. Emphasis
i3- ptaced on current and future trends, rather than very old
briãges. For each selected bridge, load effects (moments, shears,
tenslons and compressions) are calculated for various components.
L,oad carrying capacities are also evaluated.

2. Establishing the statistical data base for load and resistance
parameters.

The available data on load components, lncluding results of surveys
and other measurements, is gãthered. Ttuck survey and wei$h-in-
motion [WIM) data are used for modeling live load. There is little
field data available for dynamic load therefore a numerical
procedure is developed for simulation of the- dynamic 

- 
bridge

behavior. Statistical-data for resistance include material tests,
component tests and field measurements. Nume_rical procedures
are 

-developed for simulation of behavior of large structural
components and systems.

3. Development of load and resistance models.

Loads and resistance are treated as random variables. Their
variation is described by cumulative distribution functions (CDF)
and correlations. For loads, the CDF s are derived usin$ the
available statisticat data base (Step 2). Live load model includes
multiple presence of trucks in one lane and _in adjacent lanes.
Muttilane reduction factors are calculated for wider bridges.
Dynamic load is modeled for single trucks and two tmcks side-by-
side. Resistance models are developed for girder bridges. The
variation of the ultimate strength is determined by simulations.
System reliability methods are used to quantify the degree of
redundancy.
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4. Development of the reliability analysis procedure.

Structural pefgrmance is measured in terms of the reliability, or
probability of failure. Limit states are defined as mathemdtical
formulas describing the state (safe or failure). Reliability is
measured in terms of the reliability index, p. Reliability index is
calculated using an ite¡ative procedure described by Raclnritz and,
Fiessler (4), the. d-eveloped load and resistance models (step s)
are part of the reliability anaþis procedure.

5. Selection of the target reliabitity index.

Reliability indices are calculated for a wide spectrum of bridges
designed according to the current AASHTO 6i. trre performance
of existing bridges is evaluated to determine wÉether their
reliability level is adequate. The target reliability index, Fr, is
selected to provide a consistent and uniform safety margin foi alt
structures.

6. Calculation of load and resistance factors.

Load factors, T, are calculated so that the factored load has a
predetermined probability of being exceeded. Resistance factors, Q,
are calculated so that the structural retiability is close to the target
value, pT.

RESEARCH APPROACH

The work on the pfoject followed the calibration procedure.
Load and resistance models u/ere developed on the basis of the
available data and simulations. Reliability analysis procedure was
developed to calculate the reliability of bridge-girdèrs. Structural
performance was measured in terms oi the rehabilifir index.

The load and resistance factors were derived for girder bridges
including non-composite steel, composite steel, reinfoiced concrete
and prestressed concrete.

A very important part of the project was the selection of the
tar_get reliability index. The selection was based on the reliabilÍty
indices of b-ridges design according to the current AASHTO (l) aná
evaluation of the structural performance by AASHTO engineers.

Load factors were calculated on the basis of statistical model.
The major parameters considered were bias factor (ratio of mean to
nominal) and coeffìcient of variation.
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Resistance factors were determined for the considered bridge
types and ltmit states. The selection criterion was closeness to the
target reliability index.
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CFIAPTER TWO

FINDINGS

The major findings of this study is a procedure for calculation of
load and resistance factors for the new LRFD bridge code. The work
involved tJle development of load models, resistance-models, reliability
an_alysis pro-cedure, selection of the target reliability lndex anã
calculation of the load and resistance factors for the new ôode.

BRIDGE LOADS

Th_e major load components of highway bridges are dead load,
live load (static ?nd dynamic), environmental loãds (temperature,
ying,_earthquake) and other loads (collision, emergency braking).
Each load group includes several subcomponents. The load-models are
developed using the available statistical data, surveys and other
observatÍons. L,oad components are treated as random variables. Their
variation is described by the cumulative dist¡ibution function (CDF),
mean value or bias factor (ratio of mean to nominal) and coeffìcient of
variation. The relationship among various load parameters is described
in terms of the coefficients of correlation. The derivation of the
statistical parameters for bridge load components is summarized in
Appendix B.

Dead l¡ad

Dead load, D, is the gravity load due to the self weight of the
structural and non structural elements permanently connected to the
bridge. Because of different degrees of variation, it is convenient to
consider the following components of D:

= weight of factory made elements (steel, precast concrete),
= weight of cast-in-place concrete,
= weight of the wearing surface (asphalt),
= miscella.neous weight (e.g. railing, luminaries).

All components of D are treated as normal random variables.
The statistical parameters (bias factors and coeffÍcients of variation)
used in the calibration are listed in Table t.

D1
D2
D3
Da

Live toad

Live load, L, covers a range of
moving on the bridge. Traditionally, the

forces produced by vehicles
static and dynamic effects are

-9-



Table l. Statistical Parameters of Dead l¿ad

Component Bias Factor Coefftcient of Variation

Factory-made members 1.03 O.O8

Cast-in-place members f .O5 O.lO
Asphalt 3.5 inchi O.25

Miscellaneous I .O3- f .O5 O.O8-O. I O

*mean thickness

Table 2. Multilane Live Load Factors

ADTT Number of lanes
(inonedirection) I 2 3 4ormore

roo 1.15 0.95 0.65 0.55

l,ooo 1.20 r.oo o.85 0.60

5,OOO L.25 r.05 0.90 0.65
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considered separately. therefore, l¡r thls study, L covers only the staüc
component. The dynamic component ls denoted by I.

The effect of live load depgndg on many parameters including the
span_length, tTncl. weigþt, æde loads, a:<le configurauon, position oT the
vehicle on tl.e bridge (tra¡rsverse and longitudinal), trafüc vblume (ADTT),
number of vehicles on the Þridgç (multiple presence), g¡der spacing, anã
stiffness of structural members (slab arrä giraers) (Ð.

- Th-e desigtrrive load speciffgd byAA,sHTo (r98g) is shown in Fig. r.
The live load model ts based on the ãvailable truck sunrey data. Mdúple
presence is considered by simulations. Girder distributiôn factors wêre
taken from (9).

Live load effect is consldered in terms of a positive moment,
negative moment (continuous sp¿rns) and shear force. TLe available data
is extrapolated to determine the maxÍmum expected load effects for
various periods of time, up to 75 years. For longer spans, two vehicles
per lane gqvern. For a single la¡re a¡rd 75 years-, the bias factors as a
function of sp_an, are shown in Fig. 2 for ã positive moment, negative
moment and shear. The corresponding coefficient of variation is O.Ít for
spans larger than 30 ft ar¡d 0. t4 for lO ft span.

The bias factors presented ig Fig. 2 correspond to ADTT (average
4rUy truck traffic) equal to 1,000 (in oñe direction). For ADTT = 5,00ö,
the bias factors are l¡rcreased by 5o/o. For ADTT = lOO, the bias factors
are decreased by 5o/o.

For multilane brtdges, the ma:dmum load effect is determined by
simulations. The parameters considered include the number of trucki
their weights_and correlaüon between weights. For a two lane bridge, the
mañmum 75 year live load effect is caused by two side-by-side tiucks,
each representing the maximum two montl:- vehicle. îré ratio of the
me¿ul maximum two month trr-ck and 75 year truck is about 0.85 for all
the spans. Multilane live load factors arè hsted in Table 2 for ADTT =100, 1,000 and 5,000. It is assumed, that the multilane factor is 1.00
for two lanes and ADTT = 1,000. Therefore, for one lane bridge it is l.2O
(inverse of 0.85).

The _analysis of two lane (or multilane) loading involves multiple
presence (side-by-side) and- distribution of truck loãd to girders. Tlte
a-ctual girde_r distribution factors (GDF) were calculated ìrsing finite
element method. lor comparison, the actual GDF's and GDF's sfecified
in tlle current AA,slrro (I) are shown in Fig. B. GDF's in AASFrro are
considerably more conservative for larger girder spacings and longer
spans.

The bias factor for live load moment per girder, Lg, is

- l1-



(a) Standard HS20 Ttsuck

(b) HS20 I¿¡re Lnading

(c) Military toadÍng

Fig. l. Design Live L,oad in Current AASHTO.

l8k (for moment)
26k (for shear)
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"+ Shear

o 100 200
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Ffg. 2. Bias Factor for the Ma:dmum 75 Year Ltve L¡ad per Lane,
Current AA,SHTO.
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Àg = (o.85)(Àr)(to)

where À1 = bias factor for the maximum 75 year moment for a single
lane (shown in Fig. 2); ÀD = ratio of the actual GDF and GDF specified
by AASHTO.

In Fig. 4,Lg is plotted as a function of span length and girder
spacing. The reéulting values indicate a considerable degree of
variation.

One of the maJor obJectÍves of the LRFD code is to provide a
uniform bias factor for load effects. Therefore, a new live load model is
specifìed, as shown in Fig. 5. For a single lane, the bias factors for the
maximum 75 year live load effects a¡e shown in Fig. 6 for a simple
span moment, negaüve moment and shear, respectively. For two lane
bridges, the bias factor for LRFD live load per girdet, Àg, is presented
in Fig. 7.

Drmamic Lnad

-

The dynamic load is a function of three major parameters: road
surface roughness, bridge dynamics (frequency of vibra,tion) and
vehicle dynamics (suspension system). The developed model includes
the effecf of these three parameters. The derivations are based on the
numerical simulations (2, Ð. Dynamic load effect, I, is considered as
an equivalent static load effect added to the live load, L.

Static and dynamic load effects are measured in terms of
deflection. The results of simulations indicate that dynamic
deflections are almost constant while static deflection increase for
heavier trucks. Therefore the dynamic load factors (DLF), defined as
I/L, are lower for two trucks than for one truck. In general, DLF is
reduced for a larger number of axles. To determine the maximum 75
load effect, DLF ls applied to the maximum 75 year live load. The
dynamic load corresþonding to an extremely healy truck is close to
the mean of DLF. For longer spans, the mæcimum live load is a
resultant of two or more trucks in lane. This corresponds to a reduced
DLF. The mean DLF for a single truck is about O.15 and for two trucks
side-by-side, DLF is about 0.10. The coeffìcient of variation is 0.8.

The proposed nominal (design) DLF = 0.33, applied to the truck
effect only, \¡vith no DLF applied to the uniformly distributed portion of
live load (Fig. 5). For wood bridges, the DLF is reduced by 5Oo/o.

(l)
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(a) Truck and Uniform l¡ad

(b) Tandem and Uniform toad

640lb/ft

¡<ril

(c) Alternative Load for Negative Moment (reduce to 9Oolo)

Fig. 5. Design Live load in LRFD Code.
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Environmental l¡ads

Environmental loads include wind, earthquake, temperature,
water pressure, lce pressure. The statistical models for wind load and
earthquake are based on the available lnformation, in particular (Q).

For the maximum 75 year wind, the bias factor, l. =0.64, and
coefficient of variation, V = O,37. For the maximum 75 year
earthquak€, l. = O.3O a¡rd V = O.7O.

I¿ad Combinations

Load components occur simultaneously. However, there is a
reduced probabillty of a simult¿uleous occurrence of extreme values.
Therefore, the following load combinations are considered:

(l) D+L+I (2)

This is the basic combination with D and L taking tlle ma¡dmum values
simultaneously.

(2) D+w (3)

Wind and dead load take the maximum 75 year values simultaneously.
Live load is not considered as it is assumed that the bridge is closed
for traffic during an extreme wind.

(3) D+L+I+W (41

This combinatlon includes the maximum daily live load simultaneous
with ¿ìn average dafly wtnd.

(4) D+L+I+E (5)

The maximum earthquake occurs simultaneously with an average
(arbttrary-point-in-time) live load. Arbitrary-point-in-time live load
depends on ADTT.

BRIDGE RESISTANCE

The capacity of a bridge depends on the resistance of its
components and connections. The component resistance, R, is
determined mostly by rnaterial strength and dimensions. R is a
random variable and it can be considered as a product of the following
parameters (p):

R=MFPRn

-18-
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where M = material factor representin$ properties such as strength,
modulus of elasticity, cracking stress, and chemical composition: F =
fabrication factor including geometry, dimensions, and section
modulus: P = analysis factor such as approximate method of analysis,
idealized stress and strain distributlon model.

The variation of resistance has been modeled by tests,
simulations, observations of existing structures and by engineering
Judgment. The statistical parameters are developed for non-
composite and composite steel girders, reinforced concrete T-beams,
and prestressed concrete AASHTO-type girders. The derivations are
described in Appendix C.

Bias factors and coefficients of variation are determined for
material factor, M, fabrication factor, F, artd analysis factor, P. Factors
M and F are combined. The parameters of R are calculated as follows:

ÀR = (Àru XÀp)

where XR = bias factor of R; À,ru = bias factor of FM; and },p = bias
factor of P, and

VR = [Vnu2 +Vp2lr/2 (8)

where VR = coefficient of variation of R; Vru = coefflcient of variation
of FM; and Vp = coefficient of variation of P.

The statistical parameters of resistance for steel girders,
reinforced concrete T-beams and prestressed concrete girders are
shown in Table 3.

RELTABILITY ANALYSIS

Structural performance is measured in terms of the reliability
index, p (reJ. Reliability index is defined as a function of the
probability of failure, P¡,

B = _ o-l(Pn)

where Õ'I = inverse standard normal distribution function.

In this study, the reliability index is calculated using an iterative
procedure described in Appendix D. It is assumed that the total load,
O, is a normal random variable. The resistance, R, is considered as a
lognormal random variable.

(71

(e)
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Table 3. Statistical Parameters of Resistance

Tþe of Structure FM
},V

RP

vî"VÀ

Non-composite steel girders

Moment (compact) 1.O95

Moment (non-com.) 1.085
Shear

ComposÍte steel girders

Moment
Shear

Reinforced concrete

Moment
Shear w/steel
Shear no steel

Prestressed concrete

Moment
Shear w/steel

r.r2

o.075
o.075
o.o8

o.045
o.lo

L.O2 0.06
r.03 0.06
L.O2 0.O7

1.Or 0.06
r.o75 0. ro

t.Lz 0.lo
t.t2 0. 10

1.14 0.105

r.L2 0.10
r. 14 0. lo5

1. 14 0. l3
L.20 0.155
1.40 0.t7

r.o5 0.075
1.r5 0.14

r.o7 0.08
L,L2 0.08

L.L2 0.L2
r. r3 0.r2
1.165 0.r35

1.05

L.O2

r.o2
r.o75
r.20

0.06
o.o7

o.06
o. ro
o. ro

r.04
t.o7
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R'h(I - kvR)tl - ln(l - kVR)l - ms

The formula
given data (Rn,

for reliability index
f,R, VR, mg, og) and

can be expressed in terms
parameter k as follows,

of
the

B=

(10)

where Rn = nominal (design¡ value of resistance; IR = bias factor of R;

VR = coeffìcient of variation of R; mg = mean load; oO = standard
deviation of load. Value of parametei k depends on location of the
design point. In practice, k is about 2.

RELIABILITY INDICES FOR CURREIVT AASHTO

The code calibration is based on calculations performed for a
selected set of structures. The selection was based on structural t¡41e,

material, and geographical location. Current and future trends were
considered. Tñe õetected set also includes representative existing
bridges. The list of structures and calculated reliability indices are
provided in ApPendix E.

The basic design requirement accordin_g to +asHT.o (Ð is
expressed in terms of äromerits or shears (tnad Factor Design),

1.3D+2.17(L+I) (l l)

where D, L and I are moments (or shears) due to dead load, live load

and impact, R is the moment (or shear) carrying capacit5r, atd 0 is the
resistance factor. Values of the resistance factor are given in Table 4.

For given loads, D, L and I, the required reslstance, R,

according tõ the current AASFilO (-L), is calculated as,

R=[1.3D+2.r7(L+I)]/0 (12)

The reliability indices are calculated for girder bridges and the
limit states (momeirt and shear) described by the representatlve load
components and resistance [U. The results are presented in Fig. 8 t-o

11, ior simple span moments in non-composite steel, composite steel,
reinforced 

-conciete and prestressed concrete girders, respectively.
For shears the results are given in Fi$. 12 to 15.
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Table 4. Resistance Factors in Current AASHTO [lJ.

Material Limit State Resistance Factor, Q

Non-composite steel

Composite steel

Reinforced concrete

Prestressed concrete

Moment

Shear

Moment

Shear

Moment

Shear

Moment

Shear

r.00

r.oo

1.OO

l.oo

0.90

0.85

l.oo

0.90

Table 5. Recommended Resistance Factors.

Material Limit State Resistance Factor, Q

Non-Composite Steel

Composite Steel

Reinforced Concrete

Moment

Shear

Moment

Shear

Moment

Shear

Moment

Shear

l.oo

1.OO

l.oo

r.00

0.90

0.90

r.00

0.90

Prestressed Concrete
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TARGET RELIABILITY INDEX

The calculated reliability indices served as a basis for the selection
of tlle target reliability index, Êr. Ttre most tmportant parameters which
determine the reliability-index are girder spacing and span length. In
general, p's are higher for larger girder spacing. This is due to more
conservative values of GDF (girder distribution factor) compared to
shorter spacings. It is assumed that the safety level determined for
simple sp¿m_moment and corresponding to girder spacing of 6 ft and
span of 60 ft is acceptable. Therefore, for girder bridges, the target
reliability index is taken as PT = 3.5.

I,OAD AND RESISTANCE FACTORS

l.oad Factors

The objective in the selection of load and resistance factors is
closeness to the target reliability index, Fr.The procedure is described in
Appendix F. For each load component, X1, load f,actor, 11, is calculated as
the following function of the bias factor (mean to nominal ratio), î,r, and
the coefïìcient of variation, V,

Yr = Àr(1 +kvr) (13)

where k = 2,

Therefore, the resulting load factors are: 1.20 for Dr; I .25 for Dz;
1.50 for Ds; and 1.60 for live load (see Fig. F-zl.For simplicity of the
designer, one factor is recommended for D1 and D2, T = 1.25. For Dg,
weight of asphalt, T = 1.50. For negative dead load, T = 0.85-0.90. The
calculated live load factor corresponds to ADTT = I,OOO trucks (in one
direction). For ADTT = 5,000, the recommended live load factor is 1.70.

For the considered load combinations, the following factors are
recommended:

(1) L.25D + 1.50 De + 1.70 (L + I) (14)

(15)

(16)

(17)

(18)

(zal 1.25 D + 1.50 De + r.40 W

(2b) - 0.85 D - 0.50 De + 1.40 w

(3) r.25 D + 1.50 De + 1.35 (L + I) + 0.45 w

(4) 1.25 D + 1.50 De + WL + I) + 1.OO E

-27 -



(4) I.25 D + 1.50 De + Ir (L + I) + l.OO E (18)

where 1a = 0.25-0.50 for ADTT = 5,OOO (smaller load factor for longer
spans); Tl = O.f O-0.2O for ADTT = I,000; a¡rd TL = O for ADTT = 1O0.

Resistance Factors

In the selection of resistance factors, the acceptance criterion is
closeness to the target value of the reliability index, pa. Various sets of
resistance factors, 0, are considered as described in Appendix F.
Resistance factors are rounded off to the nearest 0.O5.

The recommended resistance factors are given in Table 5.
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CFIAPTER THREE

INTERPRETATION, APPRAISAL, APPLICATION

The study has several important impltcations. The calculated
load and resistance factors for the new LRFD code provide a unlform
safety level for varlous bridges. The statistical analysis of load and
resistance models served as a basts for the development of more
rational design criteria.

BRIDGE I,OADS

The major new development resulting from the proJect, ls the
new design live load and dynamic load. The statistical parameters (blas
factors and coefficients of variation) are calculated for various tlme
periods and ADTT's.

The live load parameters are derived with the assumptlon of no
future growth of truck weights. If there is an lncrease in legal loads
then tñe design crlteria may have to be revlsed. The data and
procedures présented in this report, can serve as a basis for
recalculation of load factors.

BRIDGE RESISTANCE

The developed statfstical parameters for girder bridges can be
used in the reltability analysis of a wide range of structural types. The
developed procedures are also applicable to new materials.

RELI.ABILITY INDICES

Reliability fndex is an efficient measure of structural
performance. The developed procedures can be used for an objective
ðomparison of dlfferent vartants of design alternatlves, acceptance of
new materials and types of structures.

Optimum safety level can be expressed in terms of the target
reliability lndex, þr. In this research' the same Fr = 3'5 is selected for

various materials and spans. However, the optimum value of PT, can be
determined by considering consequences of potential failure and the
cost of incrèasing safety to a higher level. Therefore, for other
materlals and structural t¡4res, PT can be different tha¡r 3.5.
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I,OAD AND RESISTANCE FACTORS

The calculated load and reslstance factors provlde a consistently
uniform reliablltty of destgn. However, brldges deslgned ustng the new
LRFD Code are different than those designed by the current AASFITO
(!). For comparison, the minlmum required reslstance is calculated
for LRFD Code, R(LRJ'D), and current AASHTO, R(HS2O). The
calculations are performed for non-composite and composite steel
girders, reinforced concrete T-beams and prestressed concrete
AASHTO-type gtrders. The ratios of R(LRFD) and R(HS2O) are plotted
for various girder spacings in Fig. f 5-18 for moments and Fig. L9-21
for shears.

For comparison, the calculations are also ca¡ried out for other
values of live load factor and resistance factors. The results are
presented in Appendix F.
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CFIAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

The calculated load and resistance factors provide a rational
basis for the design of bridges. They also provide a basts for
comparison of different materials and structural t¡pes.

B¡i{ge components designed using the proposed LRFD code
have reliability index larger than 3.5.

SUGGESTED RESEARCH

The study revealed a need for further research in various related
¿rreas as follows.

l. Bridge live load; there is a need for a large and reliable data base,
mor-e_wei$h-in-motion [WtVt¡ measurements; site-specific live load
models; component-specific live load models: verification of the
multÍple presence model.

2. Bridge dynamic load; a data base is needed for verification of the
analytical model; dynamic load for multiple presence; dynamic load
at the ultimate limit state (should dymamic load be inciuded in the
design?); what is the effect of a load of a very-short duration on tl:e
ultimate capacit¡f?

3. Serviceability limit states (cracking, vibration, deflection); what are
acceptability criteria?; what is the optimum reliability tevel(s).

4. Wood structuresi perform calibration for wood bridges.

5. Resistance models; there is a need for more test data for
components; shear in concrete: steel connections.

6. Other load models; veri$r the statistical data for wind, earthquake,
temperature, other loads; load combinations.

7. Deterioration; how to handle deterioration of bridge components in
the code.

8. Substructure; veri$r the statistical data; perform calibration.
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APPENDIX A Presentatlon of Stattstlcal Parameters

In the code callbratlon, load and resistance are treated as
random variables. The stattstical models are derived using tJle available
data base on load components, materials, dlmensions and other
parameters. The basic formulas and definitions are presented in
irumerous textbooks on the theory of probability and stattsttcs (for
example A:I).The most important ones used in this report are
summarized below.

A random variable, X, is described by the cumulative dtstribution
function (CDF), denoted by Fxk). The flrst derivative of Fx(x) is called
the probabtlity density function, PDF, and it ts denoted by fxk). The
mosl important parameters whlch describe a random variable are the
mean, rû¡, ând standard deviatlon, ox. The coefficient of variatton of a
random variable X, Vx, is deflned as,

v¡=ff ß-1)

The most important random variables used in this report are
normal and lognormal. PDF of a normal random variable is given as
follows,

F- mxf

fxk) e
ox 12n

Fxk) -o(#,

Zo?

PDF of a normal random variable is symmetrical about the mean.
Random variable, Y, ts lognormal, if lnY is normal. Therefore, a
lognormal varlable is deflned for positive values only.

Standa¡d normal random variable, Z, ls a normal random variable
with the mean , mz = O, and standard deviatton , 62 = 1. The CDF of a
standard normal random variable is denoted by O(z) and PDF is

denoted by 0(z), and they are widely avatlable in tables and computers
(PC's a¡rd mainframe systems).

For any normal random variable, X, CDF can be calculated using
Õ as follows,

(A-2)

A- I

(A-3)



Similarly, for any lognormal random variable, X,
calculated using Õ as follows,

Fx(x) =Õ(lnx:-mmx¡otrx

where

drn* = ln [V* + 1)

CDF can be

(A-+¡

mbr x = ln ffix - I ofix
2

If V¡ is not very large
simplified as follows,

o2trrx = @x

mlnx = ln(mx)

(A-5)

(A-6)

(< O.2O), then Eq. l-5 and l-6 can be

rt&-z¡

(A-8)

Consider a simple example with a random variable, X,
representing test results. Let the test data (readings) consist of nine
readings:4.6,4.9,5.O, 5.I, 5.1, 5.2,5.2,5.3, 5.5, arranged in an
lncreaslng order. This data can be used to plot a PDF and CDF for X, as
shown in Fig. A-l and A-2, respectively. However, the most important
parts of the curves are elther lower or upper tails of the distribution.
Yet, they are difficult to see on a regular scale. Therefore, tn this
report a normal probability paper is used. Normal probability paper is a
special scale which replaces the vertical scale in Ftg. A-2. The basic
property of the normal probability paper is that ¿rny normal CDF is
represented by a stratght line, and any straight line represents a
normal random variable. The construction of the normal probability
paper ls descrlbed by BenJamtn and Cornell lA-lì.

Normal probability paper is commercially avallable. Let the data
base to be plotted include n test results (readings): xr, ..., xn. It ls
assumed that the readlngs (values of xl, ...,xn) are ¿ura.nged tn an
increasing order (xr is the smallest and xn is the largest value). Then,
the first test result is plotted at the intersection of x1 on the
horizontal scale and the probability pr = l/(n+l) on the verttcal scale.
The i-th test result is plotted at the lntersection of x1 and the
probability pr = i/(n+l).

It is convenient to replace the irregular vertical scale
(probability, p) \Ã/itt¡ the inverse sta¡rdard normal.distribution scale, z,
using the followtng transformatlon,
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z = o-1(p) (A-e)

where (Þ-1 is the inverse standard normal distribution function. In this
report, the CDF's of load and resistance parameters are plotted on the
normal probability paper using z, as defìned by Eq. A-9, on the vertical
scale. An example is shown in Fig. A-3. The data includes the same
readings as plotted in Fig. A-2. The lowest reading, 4.6, corresponds
to the probability, pr = L/(9+1) = O.I. Value of the lnverse standard
normal distribution corresponding to pr =0.1 iszl =O-I(O.l) = - I.28.
The second lowest reading, 4.9, corresponds to P2 = 2/(9+L) = O.2,

and z2= 6-l(0.2) = - 0.84.

The degree of correlation between random variables X and Y is
expressed in terms of the coeffìcient of correlation, p¡y. Values of p¡y
are between -l and l. Perfect correlation between X and Y means that
Y is a linear function of X, and this corresponds to pxy = I (positive

correlation) or pxy = -l (negative correlation). Random varÍables X and
Y are linearly uncorrelated if pxy = O. Uncorrelated random variables
are not necessarily independent.

References to Appendix A

A-1. BenJamin, J.R. and Cornell, C.4., Probability. Statistics and
Decision for Civil EnÉineers. McGraw-Hill, New York (1970).
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APPENDIX B Load Models

The maJor load components of highway bridges are dead load,
llve load (static and dynamtc), environmental loads (temperature,
wind, earthquake) and other loads (colltsion, emergency brakirg).
Each load group includes several subcomponents. The load models are
developed using the available statisttcal data, surveys and other
observations. [,oad components are treated as random variables. Their
varlation id descrtbed by the cumulattve distributlon function (CDF),
mean value and coefficient of variation. The relationshtp among various
load parameters ls described in terms of the coefficients of
correlation.

The basic load combination for hlghway bridges is a simultaneous
occutrence of dead load, live load and dynamic load. The combtnations
involving other load components (wfnd, earthquake, collision forces)
require a special approach.

It is assumed that the economic life time for newly designed
bridges is 75 years. Therefore, the extreme values of live load and
envlronmental loads are extrapolated accordingly from the available
data base.

Nominal values of load components are calculated according to
AASHTO (B-.Ð.

DEAD I,OAD

Dead load, D, is the gravity load due to the self weight of the
structural and non structural elements perma.nently connected to the
bridge. Because of different degrees of variation, it is convenient to
consider the following components of D:

D 1 = weight of factory made elements (steel, precast concrete
members),

D2 = weight of cast-in-place concrete members,
Ds = weight of the wearing surface (asphalt),
D4 = miscellaneous weight (e.g. railing, luminaries).

All components of D are treated as normal random variables.
The statistical parameters used in tÌ¡e calibration are listed in Table t.
The bias factors (mean-to-nominal ratio), À, are taken as used in the
previous brtdge code calibration work (E¡!). However, the coeffìcients
of variatlon ¿rre increased to include human error as recommended in
(BÉ).
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The thickness of asphalt was modeted on the basis of the
statistical data avatlable from the Ontario Minlstry of Transportation
(MTo) and reported by Nowak and Zhou (84). thé dtstributiõns of D3
(thickness of asphalt), for various regions of ontario, are plotted on
the-normal probabillty paper in Ftg. B-1. The average thickness of
asphalt is 3.5 inch. There ls a need to veri$r thts value for the Untted
States. The coefficfent of variation, calculated from the slope of the
distributtons in Fig. B-f , is O.25.

For miscellaneous items (weight or rallings, curbs, luminaries,
slgns, conduits, pip9s, cables, etc.), the statistical parameters (means
and coefficients of variation) are similar to thbse of Dl, if the
considered item is - factory-made with the high quality control
measures, and D2, Lf the item is cast-in-place, with less strict quality
control.

LIVE I¡AD

Live load, L, covers a range of forces produced by vehicles
moving on the bridge. Tradltionally, the statlc and dynamic effects are
considered separate_ly. , Therefore, in this study, L covers only the
static component. The dynamic component is denoted by I.

The effect of live load depends on many parameters including
the span length, truck weight, axle loads, axle conftguration, positioñ
of the vehicle on the bridge (transverse and longitudinal), number of
vehicles on the brtdge (multiple presence), gtrder spacing, and
stiffness of structural members (slab and girdeis). Beõause-of the
complexity of the model, the variation in load and load distribution
properties are considered separately.

The live load model is based on the available truck survey data.
The considered data lnclude weigh-in-motion (!VIM) measurements
performed as part of the FHWA proJect (B-5ì, weigh-in-motfon
measurements carrted out as a part of Michigan DoT proJect (8-6) and
truck measurements performed by the ontario Ministry of
Transportation W).other available \VIM data was anallzed as part of
NCHRP ProJect 12- 28(l l) Development of Site-Specific l¡ad Models
for Bridge Rating. However, it was found that the data collected in mid
l98o's by various states (including Wisconsin and Florida) was not
reliable, with errors estimated at 3o-4oo/o. Therefore, in this
calibration, the data base consists of the results of truck survey
performed ln 1975 by the ontario Mlnistry of Transportation. Thê
study covered about lo,ooo selected trucks (only trucks which
appeared to be heavily loaded were measured and included in tJle data
base). At the time of the survey, in 1975, the truck population in
Ontario was representative of the U.S. trucks.
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The uncertainttes involved in the analysis are due to limttations
and btases in the survey data. Even though IO,OOO trucks ts a large
number, it ts very small compared to the actual number of heavy
vehicles in a 75 year llfe time. It is also reasonable to expect that
some extremely healy trucks purposefully avoided the weighing
stations. A considerable degree of uncertainty is caused by
unpredictability of the future trends \¡rlth regard to configuratlon of
a:des and weights.

The ma¡<lmum load effects correspondtng to longer periods of
tlme are calculated by extrapolatlon of the available truck survey data.
Furthermore, lt is assumed that the legal load llmits will not be
changed in the future and the truck population wtll remain as it is
now. A slmilar assumptton was made in the development of the
Ontario Highway Brtdge Design Code (B-,9).

Ttsuck Surve]¡ Data

The study ls based on the truck survey includlng 9,250 healy
vehicles B-71. The data includes truck conflguratlon (number of a:des
and axle spacing) and weights (a:de loads and gross vehicle weight).
For each truck in the survey, bending moments, M, and shear forces,
V, are calculated for a wtde range of spans. Stmple spans and
conti¡ruous two equal spans are consldered. The moments and shears
are calculated in terms of the standard HS2O truck or lane loading,
whichever governs (B - I ì, as shown in Fig. l. The cumulative
distribution functions (CDF) are plotted on normal probability paper in
Flg. B-2 for slmple span moments, Fig. B-3 for shears, and Fig. B-4 for
negative moments (continuous spans), for spans from 3O to 2OO ft.
The vertlcal scale, z, ls.

z = (Þ-r IFHI (B-1)

where F(x) = cumulatlve dlstribution function of X, where X is the
moment M or shear V; 0-l = inverse of the standard normal
distribution function, as deflned in Appendix A of this report.

Mardmum Truck Moments and Shears

The ma:dmum moments and shears for various time periods are
determined by extrapolation of the distrlbutions shown in Fig. B-2, B-3
and Fig. B-4. The extrapolated distributions are shown in Fig. B-5, B-6
and B-7. Let N be the total number of trucks in tlme perlod of T. It is
assumed that the surveyed trucks represent about two week traffic.
Therefore, in T = 75 years, the number of trucks, N, will be about
2,OOO times larger than in the survey. This will result in N = 2O
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million trucks. The probability level corresponding to N is l/N,
for N = 20 million, it is I/20,OOO,OOO = 5lo-8, which corresponds
= 5.33 on the vertical scale, as shown in Fig. B-5, B-6 and B-7.

The number of trucks, N, probabilities, 1/N, and lnverse normal
distribution values, z, corresponding to various time periods T from I
day to i5 years, €re shown in Table B-1. The ltnes corresponding to
some of these probability levels are also shown in Fig. B-5, 8-6 and g-2.

The mean maximum moments and shears corresponding to
various periods of time can be read from the graph. For example, for
l2O span and T = 75 years, the mean maximum moment = 2.OB (HS2O
moment) (horizontal coordinate of intersection of the extrapolated
distribution and z = 5.33 on the vertical scale). For comparison, the
number of heary trucks passing through the bridge in 5 years is about
I,5OO,OOO. This corresponds to z = 4.83 on the vertical scale (Fig. B-
5, B-6 and B-7), and the resulting moment is 1.94 (HS2O moment).
Similar calculations c¿ul be performed for other periods of time. The
difference between the mean maximum 5O year moment and the
mean maximum 75 year moment is about lol0.

The mean moments and shears calculated for various time
periods from I day to 75 years are presented in Tables B-2, B-3 and B-
4, for simple span moments, shears and negative moments,
respectively. For comparison, the means are also given for an average
truck. All the moments and shears are divlded by the corresponding
HS2O moments and shears. The results are also plotted in Fig. B-8, B-
9 and B-10.

The coefficients of variation for the maximum truck moments
and shears can be calculated by transformation of the cumulative
distribution functions (CDF) in Fig. B-5, 8-6 and B-7. Each function
can be raised to a certain power, so that the calculated earlier mean
maximum moment (or shear) becomes the mean value after the
transformation. The slope of the transformed CDF determines the
coefficient of variation. The results are plotted in Fig. B-lI and Fig. B-
12 for moments and shears, respecttvely.

One Lane Moments and Shears

The maximum one lane moment or shear is caused either by a
single truck or two (or more) trucks following behind each other, as
shown in Fig. B-13. For a multiple truck occurrence, the important
parameters are the headway distance and degree of correlation
between truck weights. The maximum one lane effect (moment or
shear) is derived as the largest of the following two cases:

and
toz
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Table B-1. Number of Tlrrcks vs. Time Period and Probability

Ttme period
T

Number of Tfucks
N

Probability
l/N

Inverse Normal
z

75 years
50 years

5 years
I year
6 months
2 months
I month
2 weeks
I day

20,000, oo0
15,000,oo0

1,500,o00
300,ooo
150,000
50,ooo
30,000
lo,ooo

I,OO0

5ro-8
7rc-9
7rc-7
3ro-6
7rc-6
2rc-í
3ro-S
I ro-a
I ro-3

5.33
5.27
4.83
4.50
4.36
4.11
3.99
3.7 L

3.09

Spanaveragel2L26l55075
(ft1 ùv wee*s month months months vea vears vears vears
l0 0.62 0.97 t.tz 1.18 t.23 1.30 t.37 t.46 1.63 1.65
20 0.71 l.l5 1.25 l.3l 1.36 t.4r 1.47 1.56 1.66 1.68
30 0.74 t.20 t.32 1.37 1.42 t.47 1.52 l.61 1.70 t.72
40 0.75 l.3l t.42 t.46 1.50 1.55 r.58 t.& r.t2 1.74
50 0.72 t.32 r.43 t.47 r.52 1.56 1.60 1.65 r.73 t.75
60 0.72 1.37 t.47 t.52 1.56 1.60 t.64 1.69 t.77 t.79
70 0.74 t.42 l.5l 1.56 1.60 t.64 1.68 t.74 l.8l 1.83
80 0.77 r.47 1.55 1.60 t.& 1.68 r.73 r.79 1.8ó 1.89
90 0.79 r.5r 1.60 t.& 1.68 t.72 r.78 r.84 t.92 t.94
100 0.82 1.55 r.& 1.68 r.72 r.76 r.82 1.89 1.98 2.00
110 0.84 1.60 1.68 t.72 r.76 1.81 1.86 1.94 2.03 2.05
t20 0.85 1.63 t.72 1.76 1.80 1.85 1.90 t.97 2.06 2.08
130 0.86 1.66 t.75 1.80 1.83 1.87 t.92 r.99 2.08 2.10
140 0.86 r.67 t.76 1.80 1.83 1.87 r.92 1.99 2.08 2.r0
150 0.85 t.64 t.73 1.78 1.81 1.84 1.88 1.96 2.05 2.07
160 0.84 1.60 1.68 t.73 t.76 1.80 1.84 r.9l 2.0r 2.03
170 0.81 1.56 1.63 r.69 t.72 t.76 1.80 1.87 t.96 1.98
180 0.78 1.50 1.58 r.& t.67 t.1r 1.75 r.82 l.9l r.94
190 0.75 1.45 1.53 1.58 t.62 1.66 1.70 r.77 1.86 1.88
2W 0.70 r.38 1.48 1.54 t.57 t.ó0 1.64 1.71 1.80 1.82

Table B-2. Mean Ma:ctmum Moments for Stmple Spans Due to a Single
Tnrck (Divided by Corresponding HS2O Moment).
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Table B-3. Mean Ma:dmum shear,s_Tol glmplç spans Due to a single
Tfuck (Divided by Corresponding HS2O Sheãr).

Sp¡na'e¡age|2t
(Ð - _- -4¡_ qegl$ nlolth mp¡ì$s mgqr{¡s rær vean ræars veanlo o.7B t.zo 1.3r l.3B
20 0.72 l.l4 r.25 1.30 l.3l 1.36 1.38 t.43 1.51 t.5230 0.68 1.r4 r.24 t.29 l.3l 1.35 1.38 t.42 1.48 t.4g40 0.66 1.r8 1.28 1.32 r.34 t.3't 1.40 t.43 r.50 l.5l50 0.69 r.24 1.33 t.37 1.39 t.43 r.45 1.48 1.55 1.5660 0.73 1.30 1.40 r.44 t.46 r.49 1.52 1.56 1.61 r.6270 0.74 t.37 t.47 1.50 r.52 1.55 1.58 1.62 1.69 t.1o80 0.77 1.43 1.53 1.57 1.59 1.63 1.66 1.70 r.77 1.7890 0.80 1.48 1.58 t.62 t.& 1.69 r.72 t.76 1.84 . 1.85100 0.81 1.53 1.63 t.67 r.70 t.73 t.77 r.82 1.89 " 1.90ll0 0.82 1.58 t.67 1.70 t.72 t.76 1.80 1.85 t.gz 1.93120 0.83 1.58 t.67 t.1r 1.73 r.77 1.80 1.86 L.gz 1.93130 0.83 t.57 1.66 1.70 t.72 t.75 1.78 1.83 1.90 l.9l140 0.82 1.53 1.63 1.66 l.ó8 r.72 t.74 t.1g 1.86 1.87150 0.79 1.48 1.58 t.62 t.64 r.67 1.70 t.74 1.82 1.83160 0.76 r.44 1.53 r.57 1.59 1.62 1.65 1.70 L.1g 1.80170 0.74 1.40 1.48 r.52 t.54 1.57 1.60 1.66 t.74 1.75180 0.72 1.35 1.44 t.47 t.49 1.52 1.56 r.62 1.69 L.1o190 0.70 1.31 1.40 1.43 1.45 1.48 1.51 r.57 1.64 1.652m 0.68 t.27 1.36 1.39 1.41 1.43 t.47 t.52 1.59 1.60

Table B-4. Mean Mg*.. ryegative Moments for Contlnuous Spans Due to a
single TFuck (Divided by corresponding HS2o Negative Moment).

20 0.67 1.30 1.40 1.43 L4 r.47 1.50 l.54 1.59 1.60
30 0.89 1.50 1.59 1.62 r.64 1.66 1.68 r.72 t.76 1.7740 0.93 1.63 r.73
50 0.83 l.5l t.63

t.77 l.8l 1.83 1.86 t.92 1.93
1.68 r.72 t.74 1.78 1.84 1.85

1.75

r.67
t.49
1.37

t.27
t.2t
l.l6
1.1 I
1.08

1.04

l.0r
0.97
0.94

0.92

0.89
0.86
0.84

t.54
r.42
l.3l
r.25
l.l9
1.15

l.1l
1.07

r.03
1.00

0.96

0.94

0.92

0.88
0.87

1.56

1.43

1.33

t.26
1.20

t.l6
t.r2
1.09

1.05

l.0t
0.97

0.95

0.92

0.89
0.88

1.61

r.47
1.35

r.29
r.22
l.l8
l.l5
l.l0
1.07

1.03

r.00
0.97

0.94

0.91

0.89

l.5l
1.39

r.29
t.22
l.l7
L.t2
1.09

1.05

1.02

0.99
0.95

0.93

0.90

0.87
0.85

60
70

80
90
100

110

t20
130

140

150

160

170

180

190

2N

0.73 1.34 t.44
0.63 1.24 1.33

0.59 1.1ó r.24
0.55 1.1r l.l8
0.53 t.07 1.13

0.50 1.03 1.09

0.48 1.00 1.06

0.46 0.97 1.02

0.44 0.94 1.00

0.42 0.90 0.96
0.40 0.86 0.92
0.38 0.84 0.90
0.37 0.82 0.87
0.35 0.80 0.84
0.33 0.78 0.83

1.66 t.67
l.5 r 1.53

1.39 1.40
1.32 1.33

t.26 t.27
r.22 1.22

t.t1 l.l8
L.t4 1.14

1.09 1.10

r.06 1.07

t.02 1.03

0.99 1.00

0.96 0.97

0.93 0.94
0.91 0.92
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a) One truck effect, equal to tJ'e mædmum 75 year moment (or shear)
with the parameters (mean and coeffìcient of variatton) given in Fig.
B-7, B-8 and B-lO for the mean and in Fig. B-11 and F-Iz for the
coefficient of va¡iation;

b) Tlvo tmcks, each with the weight smaller than that of a single truck
in (a). Varlous headway distances are considered, from 15 to lOO ft.
Headway distance is measured from the rear axle of one vehlcle to
the front axle of the following vehicle, therefore f5 ft means
bumper to bumper traffic. Three degrees of correlation between
truck wetghts are considered: p = Q (no correlation), p = 0.5
(partial) Írnd p = I (full correlation), where p is the coefficient of
correlation.

There is little data avatlable to veriff the statistical parameters
for multtple presence. Some measurement results are reported by
Nowak, Nasstf and DeFrafn (E€). On the basis of this limited data it is
assumed that, on average, about every SOth truck is followed by
another tmck with the headway distance less than IOO ft, about every
f SOth truck is followed by a partially correlated truck, and about every
SOOth truck is followed by a fully correlated truck. The two trucks are
denoted by Tr and T2. The parameters of these two trucks, including
N (the considered truck is a madmum of N trucks), conesponding z =
- 6-l(1/N), and T (the considered truck is the maximum for time
perlod T) are given in Table B-5.

The maximum values of moments and shears are calculated by
simulations. The parameters considered include truck configuration,
weight, headway distance and frequency of occurrence. For simple
spans, the results of calculations are presented tn Fig. B'-14 for mean
maximum 75 year moments and Fig. B-f 5 for corresponding shears.
For the mean maximum 75 year negative moments, the results are
shown in Fig. B-f6. For simple span moments, one truck governs for
sp¿u1s up to about l4O ft, for shea¡s up to about l2O ft, and for negative
moments in contlnuous bridges (two equal spans) up to about 50 ft
(one span length). The mlnlmum headway distance is associated with
non-movtng vehicles or trucks moving at reduced speeds. This is
important in conslderation of dynamic loads. Therefore, it is assumed
that either headway dtstance is minimum 50 ft for live load plus
dynamtc load, or lt ls 15 ft (bumper-to-bumper traffic) forJust live load
(no dynamic load).

For simple spans, the calculated mean maximum one lane
moments are presented in Table 8-6, for time periods from I day to
75 years. The me¿u1 ma¡dmum one lane shears are presented in Table
B-7. For continuous sp¿uls, the me¿u-t maximum negative moments are
presented in Table B-8. The results are also plotted in Fig. B-17, B-18
and B-19.
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Table B-5. Truck Parameters for Ttvo Ttsucks in One Lane

One/TWo Tlucks

One

T\uo: p = O

P=O'5

P=l

20, ooo,000

300,ooo
t

I50,OOO
l,ooo

30,000
æ,m

75 years

I year
average

6 months
I day

I month
I month

r1
Tz

5.33

4.50
0.00

4.36
3.09

3.99
3.99

T1
t2

T1
I2

Table E}-6. Mean
Multiple Trucks in
Moment).

Maximum Moments for
One Lane (Divided by

Simple Spans Due to
Corresponding HS20

Spanl2l26l55075
(fù day weeks month months months vear veaß vears vears

1.65 1.65

1.58 1.58

1.72 1.72

1.74 t.74
t.75 1.75

1.79 1.79

1.83 1.83

1.89 r.89
r.94 t.94
2.00 2.00
2.05 2.05

2.08 2.08
2.10 2.t0
2.t0 2.10
2.t0 2.10
2.08 2.08
2.06 2.06
2.03 2.03

2.00 2.00
1.96 1.96

l0
20

30
40

50

60

70
80

90
100

110

t20
130

140

150

160

170
180

190

200

o.97
1.08
r.20
l.3l
r.32
r.37
r.42
r.47
1.51

1.55

1.60

1.63

1.66
1.67

1.67

r.65
1.63

1.60

1.56
1.52

t.l2
1.18

r.32
t.42
1.43

r.47
l.5l
1.55

1.60

r.&
1.68

t.72
1.75

t.76
t.t6
t.74
t.7t
1.68

1.65

r.62

1.18

r.23
r.37
1.46

r.47
r.52
1.56

1.60

t.&
1.68

r.72
r.76
1.80

r.8l
r.80
r.79
r.77
r.73
r.70
1.67

r.23
r.28
1.42

1.50

t.52
1.56

1.60

t.&
1.68

r.72
t.76
1.80

1.83

l.E4
1.83

1.82

1.80

r.77
r;t4
t.7r

1.30

1.33

r.46
1.55

1.56

1.60

r.&
1.68

t.72
t.76
r.81

1.85

1.87

r.87
1.87

1.85

1.84

1.81

1.78

t.74

r.37 r.46
r.38 t.47
r.52 1.78

r.58 t.64
1.60 1.65

L.& 1.69

r.68 L.74

1.73 1.79

1.78 1.84

r.82 1.89

1.86 1.94

r.90 r.97
1.92 1.99

r.92 t.99
r.92 r.99
1.90 r.97
1.88 1.95

1.85 1.92

r.82 r.89
t.79 1.85
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Table B-7. Mean Mudmum Shears for Simple Spans Due to Multiple
Tfucks i¡r One l¿ne (Divided by Coresponding HS2O Shear).

Span I
(ft) dav

2t26155075
weeks month months months vear vears vears veam

10

20
30
40
50
60
70
80
90
100

110

120
130

140

150

160

170

180

190

2W

r.20
1.14
t.L4
1.18
1.24
1.30
1.37
1.43
1.48
1.53
1.57
1.59
1.59
1.57
r.53
1.50
1.47
r.44
1.41

1.39

l.3l 1.38 1.40 r.44 1.48 r.52 1.61 r.62
t.25 1.30 r.31 1.36 1.38 t.43 1.51 r.52
1.2,1 t.29 1.31 1.35 1.38 r.42 1.48 t.49
1.28 1.32 r.34 r.37 1.40 1.43 r.50 1.51

r.33 r.37 1.39 1.43 r.45 1.48 1.55 1.56
1.40 t.44 r.46 1.49 r.52 1.56 1.61 t.62
r.47 1.50 r.52 1.55 1.58 r.62 1.69 1.70

1.53 1.57 1.59 1.63 1.66 t.70 1.77 1.78
1.58 t.62 t.& 1.69 1.72 t.76 1.84 1.85
1.63 1.67 1.70 t.73 t.77 1.82 1.89 1.90
1.6ó 1.70 r.72 r.76 1.80 1.85 t.92 r.93
r.67 t.1r 1.73 r.77 1.80 1.86 r.92 1.93
1.68 t.1L 1.73 t.77 t.tg 1.85 r.9l t.92
1.67 1.70 r.72 1.75 1.77 1.82 1.90 1.91

1.63 t.67 1.69 r.72 t.75 r.79 1.87 1.88
1.59 1.63 1.65 1.68 t.1t t.76 1.84 1.85

1.56 r.60 r.62 1.65 1.68 r.74 1.81 1.82
r.53 1.56 1.58 l.6l r.65 t.1t 1.78 1.79

1.50 r.53 1.55 1.58 l.6l r.67 t.74 t.75
1.48 l.5r 1.53 1.55 1.59 t.& t.7t t.72

Table B-8. Mean Ma¡r. Negative Moments for Continuous Spans Due to
Multiple Tlucks i¡r One lane (Divided by HS2O Neg. Moment).

Span
lfr)

I
yeaf

t2l
dav weeks month

26
months months

55075
years Yeafs Years

t0
20

30
40

50

60
70

80
90
100

110

120
130

140

150

160

t70
180

190

2t0

t.t2
1.30

1.50

1.63

1.58

t.72
1.80

1.80

1.75

1.70

1.66

r.62
1.58

1.55

r.52
r.49
r.46
t.44
1.42

r.42

r.25 1.30 1.33 r.37 1.40

1.40 1.43 r.44 t.47 1.50

r.59 r.62 r.& 1.ó6 1.68

r.73 1.75 r.77 1.81 1.83

r.67 1.69 r.1t t.75 1.77

r.83 1.85 1.87 1.92 t.94
r.92 r.94 1.96 2.01 2.03

1.91 r.94 1.96 2.00 2.03
1.86 1.88 1.90 1.95 t.97
1.81 1.83 1.85 1.89 1.91

r.76 1.78 1.80 1.84 1.86

t.72 1.74 1.76 1.80 1.82

1.68 1.70 t.72 r.76 1.78

t.64 1.66 1.68 r.72 r.74
t.6l 1.63 1.65 r.69 1.70

1.58 1.60 1.62 r.6ó r.67
1.55 r.57 1.59 1.63 t.&
1.53 r.55 1.57 1.60 r.62
1.51 1.52 1.54 r.58 1.59

1.48 1.50 r.sz 1.55 t.57

t.46 1.54 1.55

r.54 1.59 1.60

t.72 r.75 r.76
1.86 l.9l r.92
1.80 1.85 1.86

r.97 2.02 2.03
2.06 2.r2 2.13

2.06 2.t2 2.r3
2.00 2.M 2.07
1.94 2.ffi 2.01

1.89 1.95 1.96

1.85 1.90 l.9l
1.81 1.85 1.86

r.77 1.81 1.82

r.73 1.78 1.79

1.70 1.75 t.76
1.67 t.72 1.73

r.& 1.69 1.70

1.62 r.6 1.67

1.60 r.& 1.65
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Girder Distribution Factors

The analysis of two lane loadtng involves the distribution of truck
load to girders. The structural analysis was performed using the finite
element method. The model is based on a linear behavior of girders
and slab. The calculations were performed for sp¿u1s ranging from 3O
to 2OO ft. Five cases of girder spacing were considered: 4, 6, 8, lO
and 12 ft. For each case of span and girder spacing, girder
distribution factors were calculated for various truck positions, by
moving the truck transversely by I ft at a time. The resulting truck
"influence lines" are used for calculatlon of the Joint effect of two
tmcks in adJacent lanes, by superposition.

The resulting girder distrtbution factors (GDF) are compared
\¡/ith the AASHTO (B--IJ values and those recommended by Zokale,
Osterkamp and Imbsen fB-lOì.

For moment in an interior girder, AASHTO fB-Il specifìes a GDF
as follows,

GDF = s/D, (B-2)

where s is the girder spacing and D is a constant, equal to 5.5 for steel
girders and prestressed concrete girders, and D = 6.0 for reinforced
concrete T-beams. The design moment in a girder is equal to the
product of s/D and 0.5 of the HS20 moment.

Zokale, Osterkamp and Imbsen (B - l Ol proposed GDF as a
function of girder spacing, s (ft), and span length, L (ft). For interior
gtrders (steel, prestressed concrete and reinforced concrete T-
beams) the formula is

GDF = O.15 + (s/$)0.6 (s/L)o'2 (B-3)

For shear, AASHTO (_]l specifies GDF's given by Eq. u--2,
except of the axle directly over the support. It is assumed that over
support the slab is simply supported by the girders.

Zokaie, Osterkamp and Imbsen (B-lO) developed the following
formula for GDF for shear,

cDF = O.4 + (s/6) - (s/2512 (B-4)

The results of calculations performed as a part of this study,
along with the GDF's obtalned using Eq. B-2, B-3 and B-4, are listed in
Table B-9. AASHTO (B_- I ) values are calculated for steel and
prestressed concrete girders using D = 5.5 (denoted by S & P/C in
Table B-9), and for reinforced concrete T-beams using D = 6 (denoted
by R/C in Table B-9). In Table B-9, the GDF's calculated in
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Table B-9. Girder Distribution Factors for Interior Girders.

Span Girder Moments Shears
Spacino AASHTO ( 989) Nowak Zokaie AASHTO (1989) Zokate

ft) (ft) s&P/c R/C et al S&P/C Fyc et al

30 4 0.73 0.67 0.88 0.94 0.90 0.88 1.04
30 b 1.09 1.00 1.20 1.25 1.25 1.21 1.34
30 I 1.45 1.33 1.50 1.53 1.65 1.60 1.63
30 10 1.82 1.67 1.79 1.80 1.94 1.88 1.91
30 12 2.18 2.00 2.06 2.06 2.28 2.21 2.17
60 4 0.73 0.67 0.83 0.84 0.87 0.84 1.04
60 6 1.09 1.00 1.10 1.11 1.22 1.17 1.34
60 I 1.45 1.33 1.35 1.35 1.61 1.55 1.63
60 10 1.82 1.67 1.59 1.59 1.91 1.84 1.91
60 12 2.18 2.00 1.82 1.82 2.26 2.18 2.17
90 4 0.73 0.67 0.78 0.79 0.86 0.83 1.04
90 6 1.09 1.00 1.03 1.03 1.21 1.16 1.34
90 I 1.45 1.33 1.26 1.26 1.60 1.54 1.63
90 10 1.82 1.67 1.48 1.48 1.91 1.83 1.91
90 12 2.18 2.00 1.69 1.69 2.26 2.17 2.17
120 4 0.73 0.67 0.73 0.75 0.86 0.83 1.04
120 6 1.09 1.00 0.98 0.98 1.21 1.16 1.34
120 I 1.45 1.33 1.20 1.20 1.60 1.53 1.63
120 10 1.82 1.67 1.40 1.40 1.91 1.83 1.91
120 12 2.18 2.00 1.60 1.60 2.25 2.16 2.17
200 4 0.73 0.67 0.69 0.69 0.75 0.71 1.04
200 6 1.09 1.00 0.90 0.90 1.12 1.06 1.34
200 I 1.45 1.33 1.10 1.10 1.50 1.41 1.63
200 10 1.82 1.67 1.28 1.28 1.87 1.76 1.91
200 12 2.18 2.00 1.46 1.46 2.23 2.10 2.17
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this study are denoted by Nowak, and those obtained using Eq. B-3 and
B-4 are denoted by T,okaie et al.

The GDFs calculated for moments as a part of tJlis study are also
plotted as a function of girder spacing for spans 30, 60, 90, I2O and
2OO ft in Fig. 3. For comparison, A.A,,SFITO (B-.U GDF s are also shown.
The ratios of calculated GDF a¡rd AASHTO specified GDF are plotted in
Fig. F3-2O. Girder distribution factors specified by AASHTO are
conservative for larger girder spacing. For shorter spans and girder
spacings, AASHTO produces smaller GDF tllan calculated values.

For the proposed LRFD bridge design code, it is assumed that
the GDF s are calculated using Eq. B-3 and B-4.

Tlvo Lane Moments and Shears

The analysis involves the determi¡:ation of the load in each lane
and load distribution to girders. The effect of multiple trucks is
calculated by superposition. The maximum moments are calculated as
the largest of the following cases:

(l) One lane fully loaded and the other lane unloaded.

(2) Both lanes loaded; three degrees of correlation between the lane
loads are considered: no correlation (p = 0), partial correlation (p =
O.5) and full correlation (p = t).

It has been observed that, on average, about every fSth truck is
on the bridge simultaneously with another truck (sÍde-by-side). For
each such a simultaneous occurrence, it is assumed that every IOth
time the trucks are partially correlated and every 30th time tl..ey are
fully correlated (with regard to weight). It is also assumed that the
transverse distance between two side-by-side trucks is 4 ft (wheel
center-to-center), as shown in Fig. B-2L.

The parameters of lane load, including N (the considered lane
load is the maximum of N occurrences), z = - O-l(l/N), and T (the
considered lane load is the maximum in time period T) are given in
Table B-rO.

The results of simulations indicate that for interior girders, the
case with two fully correlated side-by-side trucks governs, \¡/ith each
truck equal to the maximum 2 month truck. The ratio of a mean
maximum 75 year moment (or shear) and a mean 2 month moment
(or shear) is about 0.85 for all the spans. The mean maximum 75 year
girder moments depend on the span and girder spacing.
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Table B-IO. Lane Load Parameters for Tlvo Lane Tfaffic

One/TWo La¡res Loaded

One

TWo: P=O

20, ooo, ooo

1,500,0o0

I

I50,000
l,ooo

50,000
50,m

P=O.5

P=l

L1

14

L1
Ia

Lr
Ia

5.33

4.83

o.oo

4.36
3.09

4.r1
4.11

75 years

5 years

average

6 months
I day

2 month
2 month
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ProBosed Design Live load

The obJective in the selection of the live load model for the
LRFD bridge design code is a uniform ratio of the nominal (design)
moments (or shears) and the mean maximum 75 year moments (or
shears). Various live load models were considered. For the considered
models, the ratios of moments and shears v¿ere calculated for a wide
range of spans. Good results are obtained for a model which combines
the HS2O truck with a uniformly distributed load of 640 lb/ft lB-f ì.
For shorter spans, a tandem of two equal a:des, each 25 kips, spaced
at 4 ft, also combined \Ã/ith a unÍform load of 640 lb/ft, is specified. For
negative moment in continuous spans, the design live load (per lane)
is the larger of:

(a) One HS2O truck plus a uniformly distributed loading of 640 lb/ft,
(b) 9Oo/o of the effect of two HS20 trucks, placed in two different

spans, with headway distance at least 50 ft, plus gOo/o of the
uniformly distributed loading of 640 lb/ft. The headway dista¡rce,
50 ft, corresponds to the minimum value for moving vehicles.

The proposed new live load is shown in Fig. 5.

Values of moments and shears caused by the proposed LRFD live
load are calculated for various spans. The results are presented in
Table B-ll for simple span moments, M(LRFD), Table B-I2 for shears,
S(LRFD), and Table B-13 for negaüve moments in contlnuous spans,
Mn(LRFD). Also included are moments and shears corresponding to
HS2O (B-.-IJ, denoted by M(HS2O), S(HS2O) and Mn(HS2O), and -the
mean maximum 75 year values, denoted by M(75), S(75) and Mn(75).
For comparison, tJre ratio of new live load moment for simple spans,
and HS20 moment, is plotted in Fig. B-23. For shear and negative
moment, the ratios are presented in Fig. B-24 and B-25, respectively.

The mean-to-nominal ratio (bias factor) of live load is equal to
the ratio of the mean maximum 75 year load effect and the design
value. The calculated bias factors for HS2O loading (B-.U and the nèw
livg lo_ad (FIg. 5) are shown in Fig. 8'26 for simple span moment, Fig.
B-27 for shear, and Fig. B-28 for negative moment in õontinuous spans.
The bias factor varies as a function of span, however, the variation is
reduced for the proposed LRFD live load.

For various time periods, the mean ma¡cimum live load effects
are listed in Table B-14, B-15 and El-16, for the simple span moment,
shear ?nd negative moment in continuous spans, respectively. The
load effects are expressed in terms of the new LRFD üvé toad (Fig. 5).
Values of the new LRFD moments and shears are also given tn Tábtes
B-14 to B-16.
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Table B-f l. Simple Span Moment Specified by Current AASHTO,
M(HS2O), Proposed Live Load, M(LRFD), artd Mean Maximum
75 Year Moment, M(75).

Span M(HS2O) M(LRFD) M(7s)
(ft) (k-ft) (k-ft (k-f r)

10 80 88 132
20 181 217 302
30 315 399 537
40 450 588 783
50 628 832 1 099
60 807 1 093 1 444
70 986 1 376 I 804
80 1 165 1 675 2202
90 1344 1 989 2608
100 1524 2323 3048
110 1704 2669 3492
120 1 883 3034 391 7

130 2063 341 4 4333
140 2243 3808 471 0
150 2475 4220 51 85
160 2768 4648 5757
170 3077 5092 6323
180 3402 5552 6906
190 3743 6028 7486
200 41 00 6520 8036
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Table B-L2. Shear
Live Load,
s(75).

Spe_cified. by C!¡rrent AASHTO, S(HS2O), Proposed
S(LRFD), and Mean Maximum 75 Year Shear,

Span s(HS20) S(LRFD) s(75)
( f t) (kips) (kios) (kios)

10 32.0 43.2 51 .8
20 41.6 51.4 63.2
30 49.6 59.2 73.9
40 55.2 68.0 83.4
50 58.5 74.6 91.3
60 60.8 80.0 98.5
70 62.4 84.8 106.1
80 63.6 89.2 112.9
90 64.5 93.3 119.3
100 65.3 97.3 124.1
110 65.9 101 .1 127.2
120 66.4 104.8 128.2
130 67.6 1 08.4 130.0
140 70.8 1 12.0 1 34.9
150 74.0 1 15.5 139.1
160 77.2 119.0 142.8
170 80.4 122.5 1 46.3
180 83.6 125.9 149.6
190 86.8 129.3 151 .9
200 90.0 132.6 1 54.8
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Table B-r3. Negative Moment for continuous spans specified by
Cu¡rent AASIITO, Mn(HS2O), Proposed Live [¡ad, Mn(LRFDI,
and Mean Maximum 75 Year Negative Moment, Mn(25).

Span Mn(HS20) Mn(LRFD) Mnl75l
(ft) (k-fr (k-fr (k-fr

10 44 52 68
20 123 155 197
30 192 264 338
40 267 393 512
50 373 521 694
60 496 806 1 008
70 634 1107 1 351
80 789 1 386 1 677
90 960 1 652 1 982
100 1 146 1918 2302
110 1 349 21 99 2639
120 1 568 2493 2992
130 1 802 2800 3360
140 2053 3122 3746
150 2320 3458 41 50
160 2602 3808 457 0
170 290 1 4172 5006
180 321 6 4550 546 0
190 3546 4943 5932
200 3893 535 0 6420
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Fig. B-23. Ratio of the New Live Load Simple Span Moment, M(LRFD),
and HS2O Moment, M(HS2O).
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Table B-14. Mean Maximum Moments for Simple Spans Divided by
Corresponding New LRFD Moments, M(LRFD).

Span M(LRFD) 1 2 1 2 6 1 5 50 75
ft (k-fr) day weeks month months months year years vears vears

10 88 0.88 1.02 1.07 1.12 1 .18 1.25 1.33 1.50 1.50
20 232 0.90 0.98 1.02 1.06 1.10 1 .14 1.21 1.30 1.30
30 397 0.95 1.04 1 .08 1.12 1.15 1.19 1.26 1.35 1.35
40 578 1.02 1.11 1 .14 1.17 1.21 1.23 1.28 1.35 1.35
50 826 1.00 1.08 1.12 1.15 1 .18 1.22 1.25 1.33 1.33
60 1 093 1.02 1.09 1.12 1.15 1.18 1.21 1.24 1.32 1.32
70 1 376 1.02 1.08 1.12 1.15 1.18 1.21 1.25 1.31 1 .31
80 1 675 1.02 1.08 1.11 1 .14 1.17 1.21 1.25 1.32 1.32
90 1 990 1.02 1.08 1.11 1.14 1.16 1.20 1.24 1 .31 1.31
100 2322 1.02 1.08 1.10 1.13 1.16 1.20 1.24 1 .31 1 .31
110 267 0 1.02 1.07 1.10 1.12 1.15 1.19 1.24 1 .31 1 .31
120 3033 1.01 1.07 1.09 1.12 1 .15 1.18 1.22 1.29 1.29
130 341 3 1.00 1.06 1.09 1.11 1 .13 1.16 1.20 1.27 1.27
140 3809 0.98 1.03 1.06 1.08 1.10 1 .13 1.17 1.24 1.24
150 4220 0.98 1.03 1.06 1.07 1.09 1.12 1.16 1.23 1.23
160 4648 0.98 1.03 1.07 1.09 1.10 1.13 1.17 1.24 1.24
170 5092 0.99 1.03 1.07 1.09 1.11 1.13 1.18 1.24 1.24
180 5552 0.98 1.03 1.06 1.08 1.11 1.13 1.17 1.24 1.24
190 602 8 0.97 1.O2 1.06 1.08 1.10 1 .13 1.17 1.24 1.24
200 6520 0.96 1.02 1.05 1.08 1.09 1.12 1.16 1.23 1.23
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Table B-15. Mean Maximum shears for simple spans Divided by
Correspondireg New LRFD Shears, S(LRFD).

Span S(LRFD) 1 2 f 2 6 1 5 50 75
( f t (k) dav weeks month months îontht veaf vears vears vears

10 43.2 0.89 0.97 1.02 1.04 1.07 1.09 1.13 1.19 1.20
20 51.4 0.92 1.01 1.05 1.06 1.10 1.12 1.16 1.22 1.23
30 59.2 0.95 1.03 1.08 1.09 1 .13 1 .15 1 .19 1.24 1.25
40 68.0 0.96 1.04 1.07 1.09 1.1 1 1 .14 1.16 1.22 1.23
50 74.6 0.97 1.04 1.07 1.09 '1.12 1 .14 1.16 1.22 1.22
60 80.0 0.99 1.06 1.09 1.1 1 1.13 1 .15 1.19 1.22 1.23
70 84.8 1.00 1.08 1.10 1.12 1 .14 1.16 1.19 1.24 1.25
80 89.2 1.02 1.09 1.12 1.13 1.16 1.18 1.21 1.26 1.27
90 93.3 1.02 1.09 1.12 1.13 1.17 1.19 1.22 1.27 1.28
100 97.3 1.03 1.09 1.12 1.14 1.16 1 .18 1.22 1.27 1.28
110 101 .1 1.02 1.08 1.1 1 1 .12 1.15 1.17 1.21 1.25 1.26
120 104.8 1.00 1.06 1.08 1.10 1.12 1.14 1.18 1.22 1.22
130 108.4 0.99 1.04 1.07 1.08 1.10 1.12 1.15 1 .19 1.20
140 112.0 0.99 1.05 1.07 1.08 1.1 1 1.12 1.15 1.20 1.20
150 115.5 0.98 1.04 1.07 1.08 1.10 1.12 1.15 1.20 1.20
160 119.0 0.97 1.03 1.05 1.07 1.09 1.1 1 1.14 1.19 1.20
170 122.5 0.96 1.02 1.05 1.06 1.08 1.10 1 .14 1 .19 1.19
180 125.9 0.96 1.02 1.04 1.05 1.07 1.10 1 .13 1.18 1.19
190 129.3 0.95 1.01 t.03 1.04 1.06 1.08 1.12 1.17 '|..17

200 132.6 0.94 1.00 1.02 1.04 1.05 1.08 1.1 1 1 .16 1.17

B-36



Table B- 16. Mean Maximum Negative Moments for Two Equal
Continuous Spans (Divided by Corresponding New LRFD Negative
Moments. Mn(LRFD).

Span tMn(LRFD) 1 2 1 2 b 1 5 50 75

ft (k-ft) dav weeks month months nonthd Year years years years

10 52 0.94 1.06 1.10 1.12 1.15 1.18 1,23 1.30 1 .31

20 155 1.03 1.11 1 .14 1.14 1.17 1.19 1.22 1.26 1.27

30 264 1.09 1.15 1.18 1.19 1 .21 1.22 1.25 1.27 1.28

40 393 1.1 1 1.17 1.19 1.20 1.22 1.24 1.26 1.30 1.30

50 521 1.13 1.20 1.21 1.23 1.26 1.27 1.29 1.33 1.33

60 806 1.06 1.13 1 .14 1.15 1.18 1.19 1.21 1.24 1.25

70 1 107 1.03 1.10 1.1 1 1.12 1.15 1.16 1.18 't.22 1.22

80 1 386 1 .03 1.09 1.10 1.12 1.14 1.15 1 .17 1.21 1.21

90 1 652 1.02 1.08 1.09 1.11 1.13 1 .14 1.16 1.20 1.20

100 1918 1.02 1.08 1.09 1.1 1 1.13 1 .14 1.16 1.20 1.20

110 2199 1.02 1.08 1.09 1.11 1.13 1 .14 1.16 1.20 1.20

120 2493 1.02 1.08 1.09 1.11 1.13 1 .14 1.16 1.19 1.20

130 280 0 1.02 1.08 1.09 1.1 1 1.13 1.14 1.16 1.19 1.20

140 3122 't.02 1.08 1.09 1.11 1.13 1 .14 1.16 1.19 1.20

150 3458 1.02 1.08 1.09 1.11 1.13 't .'t 4 1.16 1.19 1.20

160 380 I 1.02 1.08 't.09 1.1 1 1.13 1 .14 1.16 1.20 1.20

170 4172 1.02 1.08 1.09 1.1 1 1.13 1 .14 1.16 1 .20 1.20

180 4550 1.O2 1.08 1.09 1.'l 1 1.13 1 .14 1.16 1 .19 1.20

190 4943 1.02 1.08 1.09 1.11 1.13 1 .14 1.16 1.19 1.20

200 5350 1.03 1.08 1.09 1.11 1.13 1.14 1.16 1.19 1.20
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DYf{AMIC LOAD

The derivation of the dynamic load model is based on the
numerical simulatlons (B{L, B-12). The avatlable test results are also
presented. Dynamic load effect, I, is considered as an equivalent static
load effect added to the live load, L. The obJective of this analysis is to
determine the parameters (mean and coefficient of variatioñ) of the
dynamic load to be added to the ma:dmum T5 vear live load.

Test Results

- The dynamic bridge tests were ca¡rted out by Billing @-ril). The
results are available for 22 bridges and 30 spans, including
prestressed concrete girders and slabs, steel giiders (hot-rolleã
sections, plate girders, box girders), steel trusses and rigid frames.
The measurements were taken for four test vehicles (weights from 54
to l3O kips), and a normal traffic. The distrtbution functions of DLF
ldyrgqiç load fac_tor) are plotted on normal probability paper in Fig. B-
29, B-3O and B-31 for steel girders, prestrèssed concrete girderJand
other t¡ryes, respectively. The means and standard devialions, as a
fraction of the static live load, are given in Table F'-IZ,

Considerable differences between the distribution functions for
very similar structures indicate the importance of other factors
mentioned above (e.g. surface condltion). Results collected from the
weigh--in-motion studies fB-14ì indicate an average DLF of 0.I1. This
value falls tn the middle range of the data plotted irom the tests.

Interpretation of these results is difficult because the observed
loads are separated from the static live loads. It has been observed that
the dynamic load, as a fraction of live load, decreases for heavier
trucks. It is expected, that the largest dynamic load fractions
recorded in the tests correspond to light-weigtrt t¡ucks.

Simulatlons Procedure

- , To v_erify these observations, a computer procedure was
developed for simulation of the dynamic bridge-behaviõr (B-_Ll_, B-r2).
The flowchart is shown in Fig. B-32. The dynamic load is a function of
three major -parameters: road surface roughness, bridge dynamics
(frequengy of vibration) and vehicle dynamlcs (suspension -system).

The developed model includes the effect of these thrée parameters.

Road surfa,ce roughness is one of the maJor parameters. The
quantification of the degree of roughness is vêry difficult. Present
Serviceability Index (PSI) was used tn the past. However, the ratings
depend very much on the subjective judgment of individuals. Sinõe
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Flg. B-30. Cumulative Dist¡ibution F\¡nctlon of the DLF for Prest¡essed
Concrete Brtdges.
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Table B.17 Dynamic L,oad Factors from Test Results

Tlpe of Structure Mean Standard deviation
Range Average Range Average

P/C AASHTO girders 0.05-0.r0 O.Og O.O3-0.02 O.O5

P/C box & slabs O.1O-0.15 O. 14 O.O8-0.40 O.3O

Steel girders O.O8-0.20 O. t4 O.O5-0.20 O. f O
Rigid frame, truss O.f 0-0.25 O.l7 O.f 2-0.30 0.26
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calculate st¿tic deflection of truck

caicuiaæ truck position and
rougbness at cur¡ent time steP

assrune dispiacements of tnrck a¡rd
bridge at curent time steP

calculat€ suspension forces

solve equations of truck and bridge motion

caidate new disPlacements

corDpare assumed a¡¡d new displacements

tolera¡¡ces ?

-cunent time is less

caiculat€ maximt¡n midspan defl ection

Fig. B-32. Flowchart of Computer Program (B-l2l'
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1982, the International Roughness Index (lRI) is gaining ground as
the roughness measure in many parts of the world. The approximate
relationshÍp between IRI and tSpe of the pavement is shown Ín Fig. B-
33. Also shown are some corresponding values of PSI.

Simulation of the dynamic load requires the generation of a road
profile, which is done by using a Fourier transform of tJre power
spectral density (PSD) functlon. The PSD function of the road profìle
has, in general, an exponential form. The relationship between the
roughness coefficient a and IRI is shown in Fig. B-34. For the worst
condition of older pavements, IRI = 6. This number corresponds to
roughness coeffìcient a = O.64ro-6. It is also close to the mean value of
the survey data collected on highway M-14 and I-94 in Southeastern
Michigan. Therefore, IRI = 6 ls used in this code calibration.
Examples of simulated load profiles are shown tn FTg. B-35.

The bridge is modeled as a prismatic beam. Modal equations of
motion are formulated. Three fundamental modes of vibration are
considered. It is assumed that the load ls a mixture of 3 a:de single
tmcks and 5 a:de tractor-trailers. Dynamic models are shown tn Fig.
El-36 and B-37. The æde confìgurations and weight distributions are
shown in Fig. B-38 and B-39. Each truck is composed of a body,
suspension system and tires. The body is subJected to a rigid body
motion including the vertical displacement and pitching rotation.
Suspensions are assumed to be of multi-leaf tpe springs. Their
characteristics were measured by Fancher (B-J"ã). In the simulations a
nonlinear foree-deflection equation was used lB-f 5). Tires are
assumed as linear elastic springs. A typical force deflectton diagram
for a tractor multi-leaf rear spring is shown in Fig. B-4O. Examples of
time history of trailer bouncing are shown in Fig. B-41.

Results of Simulations

The dynamic load factor (OLn¡ ls defined as the maxi¡num
dynamic deflection, Ddyn, divided by the maximum static deflection,
Dsta, as shown in Fig. B-42.

Static and dynamic deflections are calculated for tlpical girder
bridges \Mith the cross sections shown in Fig. B-43. A three a:de truck
and a fìve a:de tractor trailer are considered. The obtained static and
dynamic deflections vs. gross vehicle weight are presented in Fig. B-
44, F3-45 and El-46 for a five a¡de truck on steel bridge, three axle
truck on steel bridge and a five axle truck on prestressed concrete
bridge, respectively. The dynamic load factor (ratio of dynamic to
static deflection) is shown in Fig. B-47, B-48, and B-49 for the three
cases considered. As the gross vehicle weight is increased, the
dynamic load factor is decreased. Decrease of DLF is mainly due to the
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x¡, x2!
ZL, Zz:

SFi, SFz:

TFr, TFz:

Z¡

front and rear roughness (elevation)

front and rear bridge deflection

forces generated from suspension

forces generated from tlres

mr (%yr + aty2)

TF2 Tr'

Fig. 8-36. Model of a Three A,:de TFuck.
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ng. B-38. I¡ad Dtstributton for the Three A:rle Tfuck'

t¡ailer tractor

Fig. B-39. L¡ad Distribution for tl¡e Tlactor Tfailer.

Fig. B-40. Force Defleetion Diagram of Multt-Iæaf Rear Spring for
Tfactors (Þ,!'Ð.
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lncrease of static deflection. It was observed that the dynamic
deflection is almost constant.

Effect of truck speed varies for dtfferent gross vehicle weights,
as shown in Fig. B-5O. It is also observed that the truck suspenslon
charactertstics depend on the vehicle speed and wetght.

Effect of road roughness ls shown in Fig. B-51. Road roughness is
measured tn terms of roughness coefficient of the power spectral
density function of the road profile. As the coefficient is increased,
DLF is increased for any gross vehicle wei$ht.

The ma:dmum 75 year value of DLF is calculated uslng Monte
Carlo simulations. It is assumed that 2Oo/o of total truck traffic on
highways ¿rre three axle single trucks and 800/o are five axle tractor-
trálers. Each truck is described by three random variables: wei$ht,
speed, and axle distance (for five a:de tractor-trailer, axle distance is
the distance between tractor rear a:de and trailer axle). Statistical
parameters of the random va¡iables are shown in Tables B-f8 and B-
ig. a hundred simulations were performed for each road proflle, and
2O road proflles are considered for each case (2,OOO computer runs).

The maximum stattc vs. dynamlc deflectlons from simulations
are shown in Flg. B-52 to B-55. To esttmate the maximum 75 year
value (z = 5.32)l tfre simulated static deflections ¿re plotted on the
normal probability paper in Ffg. 8-56 to B-59. For each static
deflectioñ, the coirebpónding dynamic deflection is also plotted so
that their vertlcal coordlnates-are the same. The DLF's associated with
the mean maximum 75 year lfve loads are calculated using
extrapolations.

In most cases, the mardmum live load ts $overned by two trucks
side-by-side. Therefore, the correspondlng DLF's are calculated for
two trûcks by superposition of one truck effects as shown in Ftg. E}-60.
TWo identicãt five axle tractor-trailers are used, each weighlng l2O
kips. The obtained average DLF's for two trucks are pres-ented in ry$.g--6t. For comparison, DtF's are also plotted for one truck cases. The
results are summarlzed tn Table B,-2O.

In further calculatlons, the mean dynamic load is taken as O.lO
of the mean live load, ûl!, for two trucks and O.l5 m¡ for one truck.
The coefftclent of varlation is taken as 0.80.
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Table B-18. Statistical Parameters For Three Axle Single TFucks.

Random Distribution Mean Coefficient Min. Ma:c.
Variable TVpe of Variation

Gross Vehicle rWeight Normal 4O kips O.zL

Axle distance Uniform fOft 25ft
Speed Normal 55 mph 0. f 65

Table B-19. Statistical Parameters For Five Axle Tractor Tfailers.

Random Distribution Mean Coeffìcient Min. Mær.
Variable Type of Variation

Gross Vehicle Weight Normal 65 kips 0.26
Axle distance Uniform 27ft 42ft
Speed Normal 55 mph 0.165

Table B.-2O. Dynamic Load Factors from Simulations.

Mean Standard Deviation

One TÏuck
TWo Trucks

O.l3 ml O.lO m¡
O.O9 ml O,O6 ml
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Recommended DLF Values

The results of simulations indicate that the DLF values are lower
for two trucks than for one tmck. In general, DLF rs reduced for a
larger number of a:des. To determine -the ma:dmum 25 load effect,
DLF is applied to the ma¡dmum 75 year ltve load. The dynamic load
corresponding to an extremely heayy truck is close to the mean of
DLF. For longer spans, the maximum live load is a resultant of two or
more truck tn lane. This corresponds to a reduced DLF. Therefore, the
proposed nominal (deslgn) DLF = 0.33, applied to the truck effect
9nly, \ ¡ith no DLF applied to the uniformly clistributed portfon of live
load. For wood bridges, the DLF is reduced by 5Ùo/o.

LOAD COMBINATIONS

The total !oad, O, ts a combtnaüon of several components.
However, the probability of a simultaneous occurrence of the-extreme
values ls very low. The followlng combinations are considered i¡r this
report:

(B-5)

where W = wlnd and EQ = earthquake.

Live l¡ad and D]¡namic I¡ad

The ma¡dmum 75 year combtnatton of llve load, L, and dynamic
load, I, is modeled using the statistical parameters dertved for L and I
in this report.

It is assumed that the live load is a product of two parameters,
LP, where L is the static live load a¡rd P is the live load analysis factor
(influence factor). The mean value of p ts l.O a¡rd the coèfficient of
variation is O.12. The coefficient of variation of LP can be calculated
using the following formula,

VLp=[Vl2+Yp2¡t¡2 (B-6)

(1) D+L+I
(21 D+L+I+W
(3) D+L+I+EQ

where VL = coefficient of variation of L and Vp - coefficient of vartauon
of P.

The mean ma:dmum 75 year LP+I, rnlp+I, can be calculated by
11r"Lüpl$ng +e Tean L by-the mean value of p (equal to f .O) and by
(l+I), where I is the mean dynamic load.
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The standard deviation of tlle maximum 75 year LP+I, o¡p..¡, is

olp+r =(otp?+oplL/z (B-71

where olp = Vlp mlp; mlp = mean LP, equal to mea¡r L, becauSe mean

P = Ii o¡ = Vl mr, standard deviation of the dynamic load.

The coefficient of vartation of LP+I, V¡pa¡, ls

Vlp*l = oLp+I/mLp+I (B-8)

The statistical parameters of L and I depend on spEm length and
they are different for a single lane and two lanes. For a single lane
Vlp+l = 0.19 for most spans, and 0.2O5 for very short spans. For two
lane bridges, Vlp+t = O.l8 for most spans, and O.l9 for very short
spans.

Dead l¡ad. Live l¿ad and D]¡namic L¡ad

The basic load combination for highway bridges ls a simultaneous
occurrence of dead load, live load and dynamic load. The uncertainty
involved in the load analysis is expressed by load analysis factor E. The
mean E is 1.0 and the coeffìcient of va¡iation is 0.O4 for simple spans
and 0.06 for continuous sp€rns.

The load, I is given in the following form,

O=E(Dr+Dz+Ds+L+I) (B-e)

The mean O, mg,is equal to the sum of the means of components (Dt,
D2, Dg, L and I). Coefficient of variation of O, Vg, is

Vg = [Ve2 +Vpt*o2*ogç,,¡{ll/2

where

Vo t*D2+oB+hI = oD I+D2+D3+L+I/mO;
and

oD1+D2+D3+L+I = (oot2 + oo22 + oDg2 + oypaplL/2

(B-10)

(B-11)

B12)

Other [,oad Combinations

The total load effect, Q, is
dynamic load and other effects

the result of dead load, live load,
(environmental, other). There are
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several load combinations for consideration in the reliability analysis of
bridges.

For time v€rytng loads, the model depends on the conslderedtlme interval. This particularly appltes io environmental loads
includtng -*la-d, earthquahe,- snow, ice, temperature, water pressure,
etc. The load models can be based on tËe report by Eltingwood,
Galambos, MacGreg-or and cornell (þÉ'¡ or Nowai< and 

-curtt" 
brel.The basic data has been gathered for building structures, rather thanbridges. However, in most cases the same mãdel can be'r.rr.d. some

qpecial brid-ge related problems can occur because of the unique
design conditions, such as foundation conditions, extremely tdng
spans, or wind exposure

Load effect is a resultant of several components. It is unlikely,
that all c-omponents take their maxlmum values simultaneously. theieis a need for a formula to calculate the parameters of O (mean and
coefficient of variqtion), In general alt ioad components are time-varlant, except for dead load. There are sóphisticated load
combinatlon technlques avatlable to calculate the d^istribution of thetotal loqd, Q. However, they lnvolve a considerable numerical effort.
Some of these methods arè summarized by Thoft-Christensen and
Baker (B--!Z) and Melchers (B-.Ig).

The total load effect in highway bridge members is a Joint effect
of dead load D, live load t+I (stãUc anA dyñamic), envtronmËntal loadsE (wind, snow, ice, earthquak-e, garth piessure and water piessure),
and other loads A (emergeñcy braktng, õolision forces), ¡

O=D+L+I+E+A (B- l3)

The effect of a sum of loads is not always equal to the sum of
gf{ectg of single loads. In particular this may appû to the nonlinear
behavlor of tlle structure. Ñevertheless, it is furthèf assumed that Eq.
P-L2_represents th-e lol"t,effect. The distribution of the Joint effect ß
based on the so called Turkstra's rule. Turkst¡a lB-f gì oËserved tl.at a
combination of several load components reaches its extreme when one
of the 9-omponents takes an extleme value and all other components
are at their average- (arbitrary-polnt-in-time) level. tr'or examþle, the
combinatlon of live load with earthquake produces a marmuir effect
for the ltfetime T, when etther,

f . Earthquake takes tts ma:<imum expected value for T and ltve load
takes its mæ<imum expected value õorresponding to the duration of
earthquake (about 3O seconds), or

2. LIve load takes its maximum, expected value for T and earthquake
takes tts maxipu4 expected value corresponding to duratton of
this maximum live load (time of truck passale on tñe brrdge).

B-71



In practlce, the expected value of an earthquake ln any- qhott
time inte-n¡al is almost iero. The expected value of truck load for a
short ttme interval depends on the clãss of the road. For a very busy
htghway tt ts likely that there ls some traffic at any potnt in time.
Th-erefo-re, the ma:dmum earthquake may occur simultaneously with
¿rn average truck passing through the brtdge.

In the general case, Turkstra's rule can be expressed as follows,

g(ma:c) = mær Ol for i = l, 2, 3 and 4 (B- 14)

where,
Or = D(mæc) + (L + I)(ave) + E(ave) + A(ave)

Qz = D(ave) + (L + IXmax) + E(ave) + A(ave)

Os=D(ave) + (L+IXave) + E(mæ<) +A(ave)
O¿=D(ave)+ (L+IXave) + E(ave) +A(max)

In all cases, the average load value ls calculated for the perlod of
1lme correspondlng to the duratton of the maldmum load. The formula
can be exte-nded to include varlous components of D, E, and A.

The Jotnt dlstributlon can be modeled using the central llmlt
theorem of the theory of probabllity lB-201. A sum of several random
variables ls a norma[ random variable lf the number of components is
large, and if the average values of the components are of the same
ord"er. If one variable d=omlnates (its mean value is much larger tl..art
any other), then the Jolnt distribution ls close to that of the
domlnaüng variable.

For each sum Ot in Eq. B-14, the mean and varia¡rce of the sum
are equal to the sum of means and the sum of variances of
components, resPectivelY.

The dtstribution of O ls that whlch minimizes the overall
structural reliabiltty. Usually, lt ls Oi wtth the largest mea¡r value. If
the means are slmilar, then the largest standard devtaüon may polnt
to the governlng combtnation. In sóme cases, the -analysls has to be
perforrñed for s-everal Ol's to determtne the one which governs. The
idenUftcation of the governlng load comblnatlon ts_lmportant ln the
selec¡on of the opttmum loãd factors (lncluding load comblnatlon
factors).

Therefore, for each load component, the ma:dmum and average
values are esttmated. Dead load dbes not vary \Mith tlme. Therefore,
tlre ma:dmum and average values are the same. The ma:dmum 75 year
live load (including dynatntc load) is described tn this report. For
shorter duratlon the values are also avatlable.
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The statistlcal parameters of wlnd a¡rd earthquake are glven ln
Table B-21.

The probabilitvgf an earthquake EQ or heavy wind w, occurring
in a short period of time is very small. Therefore, simultaneouõ
occurrence of EQ and W is not considered. In the result, the number
of load combinatlons considered in the code can be reduced as
follows,

(L+I)max
Omax= D + max Wma:c;

1L+I)a hour * W¿aily
EO*"* (B- 15)

where (L+I)ma,. = maximum 75 year L+I; (L'rI)4 hour = ma:dmum 4 hour
L+I; W6¿r* = ma)dmum 75 year wind: Wdaüy = maximum daily wind;
EOmax = maximum 75 year earthquake.

The mean mædmum 4 hour live load moment, lt rI)+ hour, can be
read directly from Fig. B-2, B-3 and B-4, for z = 2.5 (ma:dmum of 2OO
trucks). The parameters of (L'¡I)+ hour ar€ also shown l¡e Table B-21.

Tlrerefore, if the load factors for the first load combination are:

r.25D+r.7O(L+I)

a¡rd for the second one they are,

I.25 D + t.4OW

then for tl¡e third combi¡ration, the load factors are,

r.25 D + 1.35 (L + I) + 0.45 W

(B-16)

(B-r7)

(B-18)

where live load lactor = (0.80)(L.7ol = r.36 (mean maximum daily
truck is 0.8-0.9 of the mean maximr¡m 76 year truck); wind toad factoi
= (o.33)(r.40) = 0.46 (mean mÐdmum daily wind is o.SS of the me¿ul
maximum 75 year wind).

Environmental loads include a wide range of components. some
of these. components, e.g. water pressure, ñave a longer duraüon
period (weeks or even months iather than minutes- or hours).
Therefore, a simultaneous occurrence with a maximum monthly or
annual live load may govern.
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Table F.21 Statistical Parameters of Wind and Earthquake

I¡ad Component
Ma:dmum
75 Year
I¡ad
Bias COV

Live Load
Corresponding to
Basic Time Period
Bias COV

Bastc
TTme
Period

Wind
Earthquake

o.875
0.30

o.20
o.70

4 hours
3O sec.

o.80-o.90
o-o.50

o.25
o.50
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APPENDIX C Resista¡rce Models

GENERAL

The capaclty of a brtdge depends on the reststance of tts
components and connecuons. The component resistance, R, is
determined mostly by material strength ãnd dimensions. R is a
random vartable. The causes of uncertalnty can be put lnto three
categories:

- matertal; str-ength 9f material, modulus of elasttcit5r, cracking
stress, and chemical composition.

- fabrtcation: geometry, dlmensions, a¡rd section modulus.

- analysis; appro¡dmate method of analysls, idealized stress and
strain distribution model.

The resulting variatlon of resistance has been modeled by tests,
observatlons of odsting structures and by englneertng ludgmerit. The
information ts avallable for the basiõ stiucturaf maîerials and
components. However, bridge members are often made of several
materials (composite members) which requrre special methods of
3nalysis. verificatlon of the analytical modlel may be very expenslve
because of the large size of bridge members. Therefore, the resls-
tance models are developed using tlle avatlable matertal test data and
by numerlcal simulatlons.

In this study, R is considered as a product of the nominal
resistance, Rn and three parameters: strength of material, M,
fabricatJon (dimensions) factor, F, and analysis (professional) factor, p,

R=RnMFP

The mean value of R mp, is

IDR = Rn mM mR IIrP

and the coeffìcient of variatton, Vp, ls,

VR = fVnaz + VF2 +Vp2)t/2

(c-1)

(c-2)

(c-3)

where, rDM, rrrF, and mp are the me¿u.rs of M, F, and p, and VM, VF,
and vp are the coefllclents of variation of M, F, and p, respectively.

The statistlcal parameters are developed for steel girders,
composite and non-composite, reinforced cõncrete T-bearñs, and
prestressed concrete AASHTO-type girders.
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STEEL GIRDERS

Moment Capacit]¡ of Non-composite Steel Girders

The behavior of non-composite steel girders depends on the
strength of steel (Fy), and on compactness of the section. The
dimensions of hot roiled steel beams can be treated as deterministic
values, the correspondtng coefficients of variatlon are less than O.03.
The linear and nonlinear flexural behavior of a cross section is
descrtbed by the moment-curvature relationship. From- such a
diagram, the-elastic and plastic flexural rigidtties and level of ductility
can- be determined. The shape of the moment-curvature relationship
depends on the shape factor-of the steel sectlon. The shape factor is
de-fined as the ratlo of the plastic sectlon modulus to the elastic
section modulus.

In a simple bending test on a section, yielding will not initiate
until the bending moment reaches a value of Mp Z*, where Mp is
moment causing yielding of tl e whole section arrd 7-x is plastic section
modulus. The benefit in strength derived from explolting the plasttc
range is small for I-sections, since tl.e sþape,is already-efftcçnt under
elasttc conditions, ln the sense that most of the material ln the section
is positioned furthest away from the neut¡al alris and is therefore fully
stressed.

The response to bending moment has been evaluated for
representatlve sizes using a computer proce-dure developed b.y Tabsh
lc--f ì. The resultfng mõment-curvature relattonships are shown in
FUs C-l to C-4. The mlddle lines correspond to the average. Also
sh-own are curves corresponding to one standa¡d deviation above and
one standard deviatlon below the average.

From simulations, the mean-to-nominal ratio (bias factor) and
coeffìcient of variatlon of non-compact sections are l, = 1.O75 and V =
O.IO. For compact sections they are 1.085 attd q.l_O, r-espectively.
However, the ðteel industry (Amerlcan Iron and Steel Instttute)
provided recent test data wtrictr is used to revise the statistical
þarameters. On the basis of this data, the observed bias factor ls
assumed l. = 1.095 and the coefficient of variation is V = O.O75. The

parameters of the professional factor, P, are: l, = l.O2 and V = O.06 (C-

!). Therefore, for the resistanc€, R, the parameters are ÀR = 1.12 and
VR = O.lO.

c-2



È
!t
É(¡
Eo
ã

800

600

400

200

0
0.0000 0.0002 0.0004 0.0006 o.ooo8

Curvature (l/ln )

Fig. C- I Moment-Curvature Curves for a Non-Composite W24xT6 Steel
Section.

Ê
J

Iü
.¡
r¡(,
ETo
E

2000

1 600

1200

800

400

0
0.0000 0.0002 0.0004 0.0006 0.ooo8

C\¡rvature ( l/ln I

Flg. c-2 Moment-curvature curves for a Non-composite ws3xtlg
Steel Section.

--.+- Mean + st. Dev.

--F- Mean

-..ts 
Mean - St. Dev.

-'--..g- fi/ean + St. Dev.

-+- Mean

-t- 
Àrean - St. Dev.

c-3



1

1t

3500

3000

2500

2000

r500

r000

500

0
o.oooo o.ooo2 0.ooo4 0.0006 0.ooo8

G\¡¡gl¡ttsc ( f/ln )

Ffg. C-3 Moment-Curvature Curves for a Non-Composite W36x2lO
Steel Sectlon.

5000

¿1(þO

3000

2000

r000

o
o.ooo2 0.0004 0.0006 0.ooo8

C\usañ¡¡e (f/h)

Fig. C-4 Moment-Curvature Curves for a Non-Composite W36x3OO
Steel Sectton.

Ít
¡

It
J
E
¡)
Eo
ã

Ê
¡t
¡
É
a,
E
o
T

.+ ft¿lean + St. Dev.

.-.+ Mean

# Jrlean - St. Dev.

# lr¡lean + St. Dev.

+ lt¡'lean

.-# lvlean - St. Dev.

c-4



Moment Capaclty of Composlte Steel Girders

The behavior of composlte steel concrete cross sections has
been summarlzed by Tantawt Gå). The maJor stresses constdered
are fle:mral, torslonal a¡rd shea¡. The ulttmateiorsional capacfty of the
cross sectlon ls also consldered., Material properttes (strenÈth and
dimenslons) a¡e modeled using the data proUAèO by Kennedly (Q:ft)
and Ellrng*o-od, Galambos, MacGregor and Cornell rc-Zl. Crustrinflof
concrete t¡r the posltlve moment regton ts the domlnanJ failure mõde,
provlded the longitudinal relnforcement in the cross section is at the
mlnimum level.

Moment-curvature relatlonshlp in a compostte beam depends on
the stress-straln relatlonshlp for the structural steel, conc^rete and
relnforclng steel, and the effectlve flange wtdth of the cross secgon.

.A' computer procedure developed by Tabsh (Ê-U was used to
calculate the moment-curwature relattonshlp under monotonically
increaslng loading. Several different cross se-ctions were considered.
The followlng assumpttons were made:

- A complete composlte action between concrete and steel section.
The effect of slip was neglected based on experimental and
theoretical work done by Kurata and Shodo (C-if,).

- The t)?rcfl stress-strain curves for concrete, relnforcing steel and
structural steel are used. In the analysis, the curves vrere generated
by Monte Carlo slmulaüons.

- The tensile strength of concrete is neglected.

- Effect of exlsting stress and strain in the cross section before
composite actlon takes place in case of unshored construction is not
considered.

An lteratlve method is used for the development of the nonllnear
moment-curvature relatfonshlp (ÇÉJ. The sectton is tdealtzed as a setof unlform rectangular layers. strain ts rncreased gradually bylncrements. At each straln level the corresponding momeñt ls
calculated using the nonlinear stress-straln retationships for the
materlals. The straln throughout the sectlon is assumeä constant
during the analysis.

A closed {orm e_xp_ression for moment-curvature relationship was
developed by Zhou (ÈO and Zhou and Nowak (C{). The formula is
fafrþr flexlble-and accurate for most engineerlng purposes. Moreover, lt
can be used for a wlde vartety of cross sections.-1he basic equation is:

Q=M/EIe+Cr(M/My)c2

c-5
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where: 0 = curvature; EI" = elastic bending rigidity; My = yield moment;
arrd M = internal moment due to applied load; Cr and Cz are constants
controlling the shape of the curve. Ttrese consta¡rts can be determined
from the conditions at yield and at ultimate stress or strain. For
composite girders C2 ranges between 16 and 24 whereas C1 ranges
between 0.OOOf 5/ft and O.OOO3/ft.

Moment-curvature relationship at the mean, mean plus one
standard deviation and mean minus one standard deviation for t5ryical
sections are shown in Figs. C-5 to C-8. The concrete slab width
considered is 6 ft, whereas the thickness is 7 in. The analysis showed
that for MF, the bias factor, ?r, = l.O6 and V = 0.105. Based on the data
from tlle America¡r Iron and Steel Institute, the statistical parameters are
L = L.O7, and V = 0.08. For the analysis factor, P, l, = 1.05 and V = 0.06.
Hence for tl'".e ultimate moment, l, = 1.12 and V = 0.10.

Shear Capacitv of Steel Girders

The ultimate shear capacity of steel sections, V¡¡, is computed
using the following formula,

Vu = fiþa* r, (c-5)

where Aw = ¿rrea of the web.

The statistical parameters of MF were obtained by simulations;
mean-to-nOminal, X, = 1.11, and V = 0.10. However, using the recent test
data provided by the American Iron and Steel Institute, the statistical
parameters are ì. = 1.12, and V = 0.08. The parameters for the anal,ysis
iactor are taken as À = 1.02 and V = 0.07. Therefore the resulting
parameters of R are Xn = 1.14 and VR = 0.f05.

REINFORCED CONCRETE GIRDEF*S

Moment Capacitv of Reinforced Concrete Girders

The statistical data on material a¡rd dimensions is based on the
available literature, in particular as summarized tn the report by
Ellingwood, Galambos, MacGregor and Corneü (ç-2). The calculations
wereþerformed using the numerical procedures developed by Ting (q-8).
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The moment-cun¡ature relatlonships are developed for typical
brtdge T-beams. Three sectlons are consldered, wlth the flange wtdth
7 ft and the slab thtckness 7.25In. These beams are used for spans 40
to 80 ft. The maJor parameters which determlne the structural
performance lnclude the amount of reinforcement, steel yield stress
and concrete strength.

The sectlons a¡rd the results of slmulatlons are shou¡n fn FE. C-9
to C-ll. As in the case of steel gtrders, the mlddle curve represents
the mean, and the other two correspond to one standard devtation
above and below the mean.

The parameters of MF for ltghtly reinforced concrete T-beams
are l. = l.l2 and V = O.12 (the mean-to-nominal and coefficient of
variatlon). The parameters for analysis factors are Îr = l.OO and V =
0.06. Therefore, for R the parameters are l.p = l.I2 and Vp = O.135.

Shear CapacitJr of Reinforced Concrete Glrders

The shear capaclty ls calculated uslng the Modlfied Compresslon
Fleld Theory (9:9; C-lO). The stattstical parameters are determined
on the basls of slmulattons performed by Yamanl (C_- I U. The
relationshlp between shear force and shear strain is establtshed for
representative T-beams. The results are shown tn Fig. C-Lz to C-14.
The nomtnal (deslgn) value of shea¡ capaclty ls calculated according to
current AASFITO.

The parameters of the shear capaclt5r, V¡, depend on the amount
of shear relnforcement. If shear relnforcement ls used, î, = 1.13 and V
= O.12. For the analysls factor, P, ?l = 1.075 and the coefflcient of
variatlon is V = O.lO. Therefore, for the shear reslsta¡rce, IR = l.2O
and Vp = 0.155. If no shear relnforcement is used, then f,R = 1.4O and
VR = O.L7.

Collins (yet unpublished) observed that, in most cases, failure in
flexure occurs before fatlure in shear. Flexural capaclt5r, M¡, and shear
capaclty, Vn, are correlated ln the stattsttcal sense. An lncrease of M¡
causes an lncrease of Vn. In practlce, shear governs only ln cross
sectlons wtth zero bendlng moment and large shear (e.€. some
sections tn box culverts).
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PRESTRESSED CONCRETE GIRDERS

Moment Capaclty of Prestressed Concrete Glrders

The parameters of resistance for prestressed concrete brldge
girders are derlved on the basis of the statistical data from Elllngrvood,
Galambos, MacGregor and Cornell (C-21 and Sirtahsorn and Naaman
lC-121. The slmulations were performed ustng a computer program
developed by Ting (C€). The strains are assumed to be linearly
distributed. Material properties are assumed to be uniform. The
section is dtvtded tnto a number of rectangular hortzontal strips of a
small depth. For glven stralns, st¡esses are calculated uslng material
stress-straln curves. The bendlng moment ts calculated as the
resultant of the lnternal stress.

Uncracked and cracked sectlons are consldered. The section ls
uncracked unttl the tenston in concrete exceeds the tensile strength.
In a cracked sectton all tenslon is resisted by steel. Ultimate sttffness
corresponds to the prefailure part of the moment-curvature plot. The
moment curvature relationship changes under a cyclic loading
(trucks). If the total bending moment, Mg, exceeds the cracking
moment, Ms¡, the section cracks and the tenstle strength of concrete
is reduced to zero. After the first cracklng, the crack stays open ¿u1y
time Mg exceeds decompression moment, M¿ (if Mg . M¿, then all
concrete is compressed, ff Mg > M¿ then crack opens). For typical
bridge glrders, the ultimate moment is about hvice the decompression
moment, M6. The section cracks for the first time under about f.15
M¿.

The moment-curvature relationshlps are developed for typfcal
AASHTO girders. The results are shown tn Flgs. C-f5 to C-17. The
solld ltne corresponds to the average, whereas the dash ltnes
correspond to the average plus one and mlnus one standard deviation.

The results show that tl'.e bias factor for the ultimate moment ls
l.O4 and the coefflcient of variation is about O.O45. The coefficient of
variation ls very small because all secttons are under-reinforced and
the ultimate moment is controlled by tJre prestressing tendons. For
the analysis factor blas, ?r, = l.Ol and V = 0.06. Therefore, the bias
factor for R, ?rR = l.O5 and VR = 0.075.

Shear Capacltv of Prestressed Concrete Glrders

The shear capacity of prestressed concrete girders is calculated
on the basis of the Modified Compression Fleld Theory (C€.; C-fOì.
The parameters of resistance are simulated using the available test
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data and computer procedure developed by Yamanl (Ç:IU. The
nominal (design) value of tJ:e shear capacity ls calculated uslng the
current AASHTO.

For typical AASHTO type girders, the resultlng relationship
between the shear force and shear st¡ain is shown ln Fig. C-18 to C-2O.
The curves correspond to the mean, mean plus one standard deviation
and mean minus one standard deviation.

The parameters of FM are ?r. = l.O7 and V = O.lO. For P, X, =
1.075 and V = O.10. Therefore, for the shear resista¡rce, XR = l.l5 a¡rd
VR = O.14.

Resistance of Components with High Strength Prestresslng Bars

The resistance of these components ls determined by the
mechanical properties of the prestressing bars. The manufacturer
tested 30 samples to determine the yield stress, Fy, and tensile
strength (ultimate stress), Fu. Test results were obtained from the
D¡nvidag Systems International.

The data ls plotted on tÌ¡e normal probability paper ln Fig. C-21.
The calculated coefficients of variation are 0.03 for Ft a¡rd O.Ol for F.r.
However, the lower tatls of the CDF's show a hlgher varlatlon, which ls
lmportant ln the reliabillty analysls. Therefore, the stattstlcal
parameters of R are assumed as for rei¡rforced concrete T-beams.

SUMMARY OF RESISTA¡ICE PARAIVTETERS

The parameters of resistance for steel girders, reinforced
concrete T-beams and prestressed concrete girders are shown in
Table 3.
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APPENDIX D Reliaþilit¡r Analysis

The available reliability methods are presented ln several
publications (e.g. D-1: D-2). In this study the reliabiltty analysis ls
performed using Rackwitz and Fiessler procedure, Monte Carlo
simulations and special sampling techniques.

LIMIT STATES

Limit states are the boundaries between safety and failure. In
bridge structures failure is defìned as inability to carry traffic. Bridges
can fail in many ways, or modes of failure, by cracking, corrosion,
excessive deformations, exceedin$ carrying capacity for shear or
bending moment, local or overall buckling, and so on. Some members
fail in a brittle manner, some are more ductile. In the traditional
approach, each mode of failure is considered separately.

There are two types of limit states. Ultimate limit states (ULS)
are mostly related to tlle bending capacit¡r, shear capacity and stabitity.
Serviceability limit states (SLS) are related to gradual deterioration,
user's comfort or maintenance costs. The serviceability limit states
such as fatigue, cracktng, deflection or vibration, often govern the
bridge design. The main concern is accumulation of damage caused by
repeated applications of load (trucks). Therefore, the model must
include the load magnitude and frequency of occurrence, rather than
Just load magnitude as is the case in the ultimate limit states. For
example, in prestressed concrete girders, a crack opening under
heavy live load is not a problem ln itself. However, a repeated crack
opening may allow penetration of moisture and corrosion of the
prestressing steel. The critical factors are both magnitude and
frequency of load. Other serviceability limit states, vibrations or
deflections, are related to bridge user's comfort rather than structural
integrity.

A traditional notion of the safety limit ls associated with the
ultimate limit states. For example, a beam tails if the moment due to
loads exceeds the moment carrying capactty. Let R represent the
resistance (moment carrying capacity) and Q represent the load effect
(total moment applied to the considered beam). Then the
corresponding limit state function, g, can be written,

9=R-O (D-1)

If g > O, the stmcture is safe, otherwise it fails. The probability of
failure, P¡, is equal to,

PF = Prob (R - I < O) = Prob (g. O)

D-l
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Iæt the probability density functlon (PDF) of R be fn and PDF of O
be fg. Then let Z = R - g. Z is also a random varlable and lt represents
the safety margln, as shown i¡¡ Ffg. D- 1.

In general, limit state function can be a functlon of many
variables (load components, tnfluence factors, reslstance p¿rrrimeters,
material properties, dlmenslons, anaþts factors). A dlrect calculatlon
of Pp may be very difficult, if not tmposstble. Therefore, tt ls
convenient to measure structural safety in terms of a reliability index.

RELIABILITY INDEX

The reliability tndex, F, is deflned as a functlon of Pp,

p = - iÞ-l(Pr,) (D-3)

where Õ-I = lnverse standard normal dtstrlbuüon functlon. Examples
of p's and corresponding Pr's are shown in Table D-1.

There are various procedures available for calculatlon of p. These
procedures vary with regard to accuracy, required input data and
compuüng costs.

The simplest case l¡rvolves a linear limit state functlon (Eq. D-1).
If both R and O are lndependent (in the statisttcal sense), normal
random variables, tJ:en the reliabiliþr lndor ls,

9 = (mn - mg)/(on2 + ogzll/z (D-4)

where mR = me¿ul of R, mg = mean of O, oR = standard deviation of R
and og = sta¡rdard deviation of Q.

If both R and O are lognormal random vartables, then p can be
approximated by

Ê = l¡e (mn/mg)/[vn2 +Yg2¡rlz (D-5)

where V¡ = coefficient of variation of R and Vg = coefficient of
variation of O. A different formula ts needed for larger coefficients of
variation.

Eq. D-4 and Eq. D-5 require the knowledge of only two
parameters for each ra¡rdom variable, the mea¡¡ and standard devlatlon
(or coefficient of variation). Therefore the formulas belong to the
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Table D-I. Probability of Failure vs. B.

reüability

index É

reäabilityS(:t-Pt) probability

of failure P¡

4.5
5.0
b.ð

0.0
0.5
1.0

1.5
2.0
2.5

3.0
3.5
4.0

6.0
6.5
7.0

/.Ð
8.0

0.500
0.691
0.841

0.933 2
0.977 2
0.993 79

0.998 65
0.999 767
0.999 968 3

0.999 996 60
0.999 999 713
0.999 999 981 0

0.999 999 999 0r3
0.999 999 999 959 8
0.999 999 999 99872

0.999 999 999 999 968 I
0.999 999 999 999 999 389

0.500x10æ
0.309x 10+o
0.159 x 10+o

0.668x l0-t
0.228x 10-t
0.621x l0-2
0.135x 10-2
0.233x 10-3
0.317x i0-'
0.340x 10-s
0.287x 10-6
0.190x 10-7

0.987x i0-e
0.402x 10-to
0.128x l0-tt
0.319 x 10-r3
0.611x 10-rs
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second moment methods. If the parameters R an O are not both
normal or lognormal, then the formulas give only an approximate value
of P. In such a case, the reliability index can be calculated using
Rackwitz and Fiessler procedure, sampling techniques or by Monte
Carlo simulations.

ITERATME NUMERICAL PROCEDURE

Rackwitz and Fiessler (D-31 developed an lterative procedure
based on norrnal approximations to non-normal distributlons at tJre so
called design point. The design point ts the point of maximum
probability on the failure boundary (limit state function). For
simplicity of the presentation, the metl¡od will be demonstrated for
the case of two variables only; R, representing the structural
resistance, and Q, representing the total load effect.

The mathematical representation of the fatlure boundary is the
limit state function equal to zero, I = R - O = 0. The design point,
denoted by (R*, O*), is located on the failure boundary, so R* = O*.

Let Fn be t]:e cumulative distribution function (CDF) and fp the
probability density function (PDF) for R. Similarly, Fg and fg are the
CDF and PDF for O. Iniüal value of Rt (design point), is guessed fìrst.
Next, Fp is approximated by a normal distribution, FR', such that

Fn'(R*) = Fn(R*)
and

fn'(R*) = fn(R*)

The standard deviation of R' is

oR' = 0{o-1[FR(R-)|]/ fn(R*)

(D-6)

(o-zl

(D-8)

where 0 = PDp of the standard normal random variable and Õ = CDF of
the standard normal random variable.

The mean of R' is,

rn¡1' = R* - oR' 6-t[Pp(R*)l (D-e)

Similarly, Fg is approximated by a normal dist¡ibution Fg', such that

Fg'(O*) = Fg(O*) (D-lO)

fg'(O*) = fg(O*) Þ-t t)

In this case O* = R*. The standard deviatlon a¡d mean of Q' are

D-5



oO' = 0[o-rlFO(9.)l]/ fg(Ol
and

mO'=O*-oO'6-ttFg(OII

The reliability index is

(D-12)

(D- l3)

(D-14)

calculated from the following

(D-15)

(D_16)

F = (mR' - mg')/ (on'2 + cg'2)l/2

Next, a new design point can be
equations

Rt = rrlR' - Ê on2 / lop¡'2 + og,2)L/2

g* = mg' - Þog'2 / (o¡¡2 + og'2)r/2

Then, the second iteration begins; the approximating normal
distribuüons are found for Fn and Fg at the new deslgn poxet. The
reliability lndex is calculated using Eq. D-14, and the next design
point is found from Eqs. D-f5 and D-16. Calculations are continued
until R* and g* do not change in consecutive iterations. The
procedure has been programmed and calculations can be carried out
by the computer.

SIMUI,ATION AND SAIVIPLING TECHNIOUES

Parameters of R and O, or even the limit state function g, can be
obtained by Monte Carlo simulations. Values of R, O and g can be
generated using special numerical procedures. If the means and
sta¡rdard deviations of R and O are estimated then F can be calculated
using Eq. D-4. If the mean, mg, and standard devlation, og, are derived
directly for the limit state function g, tJren the reliability index is,

p = mg/og (D- tz)

Monte Carlo technique can be used to simulate full distribution
functions of R and Q. Then Þ can be calculated using Rackwitz and
Fiessler procedure. If the dlstributfon function of g ls generated, tl:en
the probability of fatlure corresponds to I = O. For larger values of p, a
conslderable number of simulations ls requlred to properly model the
lower tail of the generated distribution. Otherwise, the results must be
extrapolated. The accuracy of calculattons depends mostly on the
number of computer runs. However, in many practical cases the
required computational effort ts prohibitively expensive.
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The means ar¡d coefficients of variation of R and g can also be
calculated using sampling techniques. Various numerlcal methods
have been widely used. In the Latin Hlpercube method, the selection
of a value from the cumulative distribution functlon (CDF) of a variable
is guaranteed non-repeated (D4). This is done by stratiõnng the CDF,
and asslgnlng a value to each stratum. The value asslgned wtthln each
stratum is randomly selected from within the range of the CDF
stratum. In the simulatlon process, a stratum and its correspondlng
CDF value is only selected once. Hence the number of strata equals
the number of simulations. If the number of strata is large, the CDF
value for each stratum may be taken as the center point of the stratum.

Point estimate methods have been developed to limtt the
number of function evaluations ln an analysis. Rosenblueth developed a
2n+L polnt estlmate (DaÐ and a 2n point estlmate (D:01. Gorman
developed a 3 polnt estimate (D-7). These point estimate methods
have successfully been used in clvil engineering. Tantawi fD-81 used
them in bridge reliability analysis. The use of the point estimate
methods ls convenlent. However, errors may occur as the result of
correlation between variables, high coefficients of variation, or
nonlinear functions. Zhou lD-9) developed an efficient integration
procedure, analogous to Gauss-Legendre integration, using weights
and points to estimate integrals. The points and weights are
predetermined in the independent standard normal variable space
depending upon the number of points selected. The sample points ln
baslc variable space are then obtained by vartous transformatlons.

RELI,ABILITY MET}IODS USED IN CALIBRATION

The statistical parameters of load and resistance are determined
on the basis of the available data (truck surveys, material tests) by
simulations. The techniques used in this study i¡rclude Monte Carlo
a¡rd tJle integration procedure developed by Zhou (D-9).

The reliabiltty ls measured in terms of the reliability index. It ts
assumed that the total load, O, ls a normal random variable with the
parameters as described in APPENDIX B. The resistance is
considered as a lognormal random variable. The parameters of R are
listed in Table 3.

For given nominal (design) value of resistance, Rn, the
procedure used to calculate the reliability index, B, is outlined below.

I. Given:
resistance parameters: R¡¡, ?r,p, Vp
load parameters: mO, og
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2. Calculate the me¿u1 resistance, mR = XR Rn .

3. Assume the design point is R*= mn (I - k Vd, where k ls unknown.
Take k = 2 (iriitial guess), and calculate R* = mR (I - 2 Vd.

4. Value of the cumulative distribution function of R (lognormal), and
the probability density function of R, for Ri are,

Fn (R*) = O [(ln Rt - ln md/ Vn] (D-rB)
fn (R*) = 0 [(ln Rt - ln md/ VR] / [Vn R*) (D-19)

Calculate the argument of function Õ and g,

6¡ = (ln R* - ln md/ Vn (D-20)

5. Calculate the standard deviation and mean of the approximating
normal distribution of R at Rt, using Eq. D-8 and D-9,

oR'= 0 {o-t[o(s)l] / I0 (s) / (vn R*)l = vR R*
rDR,=R'r- oR'Õ-l[(Þ(a)l = Rt- coR,

The load, O, is normally distributed, therefore, the
standard deviation are mO and og.

6. Calculate t}re reliability index, p, using Eq. D-14,

Þ = (R* - cr Vn R* - mg) / ttvn R*)2 + og2lr¡2

7. Calculate new design point using Eq. D-15,

(D-21)
(D-221

mean and

(D-23)

R* = mR'- Ê tvn RI2 / [(Vn R*)2 + ogzll/z (D-241

8. Check if the new design point is different tha¡r what uras assumed in
step 3. If the sarne, the calculation of p is completed, otherwise go
to step 4 and continue. In practice, the reliability index can be
obtained in one cycle of iterations.

The formula for reliability index can be expressed in terms of
the given data (R r, ÀR, VR, rng, og) and parameter k. By replacing Rr
\Mith [Rn Xn (l - k Vdl, a with Eq. D-20, after some rearr¿urgements,
the formula can be presented as,
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R"x*(l - kvR)[l - ln(1 - kvR)l - ms
B=

(D-25)
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APPENDIX E Reliabllitv Indices for Current AASFITO

SELEC]ED BRIDGES

The code callbration ts based on calculattons performed for a
selected set of structures. About 2OO representatlve brtdges were
selected from va¡lous reglons of tÌ¡e Unlted States. The selectlon was
based on structural t5pe, materlal, and geographical locatlon. Current
and future trends were consldered. The selected set also includes
representattve odstlng bridges. State DOT's were requested to provlde
tJle drawtngs and other relevant lnformation. The informatlon was
obtalned for lO7 brtdges.

The list of structures provlded by State DOT's is given ln Table
E-1. Bridges are grouped by material (steel, reinforced concrete,
prestressed concrete and wood), span (slmple and conttnuous) and
structural type (slab, beann, box, truss, arch). The requested items
whtch were not provided are also ltsted ln Table E-1.

For the selected bridges, moments and shears are calculated due
to dead load components, live load and dynamic load. Nominal
(design) values are calculated using current AASHTO. The mean
ma:clmum 75 year values of loads are obtained using the statistfcal
parameters presented in thts report. Reslstance is calculated in terms
of the moment carrylng capaclty and shear capactty. For each case, two
values of the nominal (design (resistance) are considered, the actual
resistance and the mlnimum requtred resistance. The actual
reslstance, R¿s¿rat, ls the as-bullt load carrytng capaclty. It ts calculated
according to AASIITO. The mlnimum requtred reslstance, R¡¡1¡¡, ls
calculated as the minimum R whlch sattsftes the AASHTO
Spectflcations.

In general, tlte actual nominal resista¡rce, Ractual, is larger than
the mtnlmum value required by AASHTO, Rmln. The baslc design
requirement accordlng to AASHTO is either expressed in terms of
stresses (Allowable Stress Desi¡þ),

D+L+I< R (E-l)

where D, L and I are stresses due to dead load, live load and tmpact,
respectlvely, and R ls allowable stress, or in terms of moments (or
shears) (Inad Factor Design),

r.3D+2.17(L+I)

E-l
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Table E-1. Selected Bridges.

Stnrctural Tyle Requested Spa¡ (ft) P¡ovlded Spa¡ (ftl Ê*a+¿

Steel, Slmple Span
Rolled beams, non-composite 4O'to 8O' 48', PA

59' MI
83' PA

Rolled beams. composfte 5O'to 8O' 48' PA

49', PA

50' PA

5l' MI
67' PA

76', PA

80' PA

86' PA

Plate gtrder. non-composlte I00'to I50' 78', PA

100' PA

Plate glrder, composlte 100'to 180' 103', MI
r09' PA

L22'. MI

Box glrder 100'to 180' none

Through tmss 300'to 4OO' 300' PA

303' PA

3u PA

397' PA

Deck truss 2OO'to 4OO' 200' tfy
250' IIY
300' t{Y
400' t{Y

Pony truss 150' 100' OK
r03' PA

300' PA

Arch 300'to 500' 360' t{v
436' t{Y
630' TIY

730', T{Y

Iled Arch 3OO'to 6OO' 535' KY

Steel, Contlnuous Span

Rolled beams 50'-65'-50' to 8O'- lO0'-8( 74'-60' PA

85',-80'-85' MI
76'-96',-80',-60' PA
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Table E-1. Selected Bridges - continued.

Stnrctr¡ral îJrpe Requested Span (ft) kovlded Spa¡ (ftl Statc

Steel, Conttnuor¡s Span' contlnued
Plate glrder lo0'-r20'-r00' r90'-180' MI

120'-150'-120' MI
200'-200'-200' KY

300-300-300-300 KY

r95-195-r95-r95 KY
200-200 -200-200-200-20r KY

Box Grlder 10O'- t2O'- l0O' to 3O0-4O0-3( r03-r03-ro3 MD
t23-r23-t23 MD
142-r50-103 MD
r22-t62-r22 þ
I 16- r38-138-I38- r t6 IL
150-167-r75- 175- 167- t5r IL

Through truss 400' none

Deck truss 400' none

Tled Arch 300'-500' none

Relnforced Concrete, Sl.mPte SPan

Slab 20' to 4O' 30' OK

T-beam 40'to 8O' 40' IL
40' OK
43', IL
50'.50' OK

60' IL

Arch-barrel 40' none

Arch-rlb 60' none

Relnforced Concrete, Contlnuor¡e Spa¡
Slab, two span 30'-30' none

40'-40' none

Slab. tl¡ree span 25'-25',-25'. none

Solld Frame 40' 40' CA
48' CA

I-beam, frame 55' none

f-beam. two span 50'-50' 62',-62', co
o'-70' 7L'-7|'. co
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Table E-1. Selected Bridges - conti¡rued.

Structural Tlæe Requested Spa¡ (ftl Provlded Spa¡ (ft)

Relnfo¡ced Concrete, Contlnuor¡s SPa¡' contlnued
T-beam. three span 4O-5O-4O to 5O-7O-50 38-50-38 TN

40-51-40 TN

o-51-40 TN

46-56-39 TN

47-65-47 TN

53-73-53 TN
50-7r-42 TN

Arch none

Box. three span 60-80-60 to 75-9O-75 69- r r9-96 MD

Prestressed Concrete, SlmPle SPan

Slab 3O'to 4O' none

Votded slab 3O to 5O none

Double T 4O to 6O 39 co
Closed box CIP L25' none
A.&SHTO beam 5O to 100 76 MI

76 co
LOz T)(
LO2 PA

105 PA

l03 MI
rro co
lr8 TX
r20 co
130 TX
138 co

Bulb 6O to l2O none

Box glrder 80 to I20 74 PA

74 PA

82 CA
95 CA

l02 CA
l04 CA
ll6 CA
118 CA
L20 cá,
r25 CA
r25 eJq,
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Table E-1. Selected Bridges - continued.

Stnrctural lsPe Requested Spa¡ (ft) Provlded Span State

Prestressed Concrete, Contlnuous Span

Slab 35-35 to 4O-50-40 none

Votded slab 50-70-50 to lO5-lOE none

A.fuSHTO beam 80to tlO none

Post-tensfoned AASHTO beam roo-roo none

Bulb none

Box 65-65 CA

87-85 CA

93-86 CA
r03-r02 CA

r07-102 CA

I l0-160 CA

I 18-101 CA
200-200 CA

60-80-60 CA

69-82-59 CA
75-90-75 CA

69-92-69 CA
76-90-76 CA
7L-85-7r CA

66-85-52 CA

Slood
Sawn beam I8 MN

Glulam beam - natled 49-50-49 MN

Glulam beam - dowelled none

Glulam beam - composlte none

Tn¡ss 50, 100, 100,4 MN

Arch none

Deck - nalled 32,32.32 MN

Deck - composlte none

Deck - prestressed transverselY M MN

Deck - prestressed longltudlnally none
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where D, L and I are moments (or shears) due to dead load, live load
and impact, R is the moment (or shear) carrying capacit5r, and 0 is the
resistance factor. Values of the reslstance factor are given in Table 4.

For given loads, D, L and
R*rrr, according to AASIITO,
Allowable Stress Design,

Rmln= D+L+I

I, the minimum required resistance,
can be calculated from Eq. E-l for

(E-3)

and from Eq. E-2, for the L¿ad Factor Design,

Rmrn = [.3 D + 2.17 (L+ I)l/0 (E-4)

The statistical parameters (bias factor and coefficient of
variation) of resistance are taken from Table 3.

Nominal (design) load components and resistance calculated for
the selected bridges are listed in Table E-2. Columns are numbered
and the explanation ls provided below:

Column I -

Column 2 -
Column 3 -

Bridge number, all structures are numbered for an easier
reference.
State where the bridge is located.
Material, st¡uctural t¡4re, section t¡pe, SS = simple span,

CS = contfnuous span.
Column 4 - Span length considered (ft).
Column 5 - Glrder number; Gl = exterior girder, G2 = interior

girder.
6 - Glrder spacing (ft).
7 - Limit state considered, M = ûtorrr€nt and S = shear.
I - Dead load due to the welght of factory made components.
I - Dead load due to the weight of,cast in place components.

lO - Dead load due to the weight of wearing surface (asphalt).
I l - Dead load due to the wetght of miscellaneous items.
12 - Live load due to HS2O loading (AASFIÎO).
13 - Impact according to AASHTO.
14 - Mlnlmum required resistance by AASHTO, &nm.
15 - Actual resistanc€, R¿s¡¡al.
f6 - Ratio of Ractual/&"rn.

Column
Column
Column
Column
Column
Column
Column
Column
Column
Column
Column

The ratio of Ractual/Rmrn is plotted vs. span in Fig. E-l for
moment in steel girders, Fig. E-2 for moment in prestressed concrete
girders, and Fig. E-3 for shea¡ in steel girders.

The analysis of the selected brfdges provides information about
actual values of load components. Girder spacing is between 4 and lO
ft for almost all considered cases. However, the selected bridges do
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Tabte E-2. Load Components and Resistance for Selected Bridges.

tlo St Tvoe Span Gr. F D1 D2 D3 D4 LL I R min ì actua Ratic

1 2 J 4 5 6 7 I 9 10 11 12 13 14 15 16

1 PA S.S. 48.0 G1 6.5 S 3 16 2 26 20 6 118 276 2.3

Steel M 33 190 28 317 205 59 1310 2340 1.8

beam G2 S 3 16 5 0 39 11 138 276 2.O

M 33 187 56 0 344 99 1 320 2340 1.8

2 PA S.S. 53.3 G1 6.8 S 3 19 3 24 23 7 128 358 2.8

Steel M 44 246 42 314 267 75 1 580 2722 1.7

beam G2 S 3 17 b 1 41 11 147 358 2.4

M 44 223 74 4 408 114 1 582 2722 1.7

3 PA S.S. 75.6 G1 7.0 S 6 27 5 29 27 7 160 497 3.1

Steel M oo 510 98 541 466 116 2884 4462 1.5

beam CA S 6 27 I 1 44 11 173 497 2.9
M 99 500 150 17 661 165 2788 4462 1.6

4 PA S.S. 50.1 G1 6.0 S 3 15 2 21 20 6 109 261 2.4

Steel M 32 187 28 266 210 60 1 256 2157 1.7

beam G2 S 3 14 5 0 36 10 128 281 2.O

M 32 176 56 3 342 98 1 303 2157 1.7

5 PA S.S. 66.6 G1 8.5 S 6 28 I 22 37 10 186 724 3.9

Steel M 101 458 150 373 5s5 145 2925 5074 1.7

beam G2 S 6 28 13 0 50 13 198 724 3.7
M 101 471 212 7 641 167 2782 5074 1.8

6 PA S.S. 80.0 G1 8.0 S 11 34 11 15 42 10 207 889 4.3

Steel V 224 672 225 306 776 189 395 1 1 0399 2.6

beam G2 S 11 34 14 2 49 12 213 889 4.2
M 224 680 288 38 776 189 3695 1 0399 2.8

7 PA S.S. 48.9 G1 1.8 S 2 I 1 20 0 0 41

Steel tú 25 105 12 238 0 0 494

beam l-/ Þ 3 10 4 0 25 7 92

w 33 125 51 0 207 59 849

I PA S.S. 86.3 G1 7.0 S 12 28 5 40 23 6 170 540 3.2

Steel lv 238 593 98 852 448 106 351 I 5275 1.5

beam G2 S 12 28 9 1 45 11 184 540 2.9
M 238 611 196 16 764 181 3428 s275 1.5
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Table E-2. Load Components and Resistance - continued.

\la sr. IypeÞpan Gr. F D1 D2 D3 D4 LL I R min R actua Ratic

1 2 3 4 5 6 7 I 9 10 11 12 13 14 15 16
9 PA S.S. 109 G1 8.0 S 12 46 13 36 35 I 231 433 1.9

Steel M 291 1244 357 980 894 180 6062 8424 1.4
olate c¿ S 12 46 20 1 51 11 235 433 1.8

]V 291 1 258 533 14 1122 240 5680 8424 1.5

10 PA S.S. 110 G1 37.8 s 25 151 43 26 613 1-31 1 932
Sleel ]V 630 4218 1 189 735 17857 3804 55807
plate r¡¿ S

M

11 PA S.S. 83 G1 4.8 S 13 25 0 0 24 6 112
Steel M 258 509 0 I 462 111 2252
beam t2¿ S 13 20 0 0 33 8 131

M 258 422 0 9 524 130 231 6

12 PA s.s. 48 G1 5.5 S 3 11 0 18 16 5 85
Steel M 37 't28 0 215 16f 47 946
beam G2 s 4 13 0 6 33 10 122

M 44 158 0 69 296 86 1 181

13 PA s.s. 78 G1 32.3 S 10 64 0 16 82 20 339
Sleel lv '179 1242 0 262 1 453 359 61 18
plate tt¿ S

M

14 M S.S. 51 G1 5.0 S 3 I 0 11 I 3 52 115 2.2
Steel M 37 97 0 138 96 27 620 1 178 1.9
beam c¿ S 3 11 0 0 31 I 106 222 2.1

M 37 140 0 4 290 83 1 045 2038 2.0

15 M S.S. 47 G1 6.4 S 3 14 0 13 20 6 94 244 2.6
Steel lv 36 161 0 150 198 57 1 006 1 851 1.8
beam G2 s 3 14 0 0 38 11 128 334 2.6

lv 36 166 0 0 329 95 1 184 2286 1.9

16 M S.S. 04 G1 6.4 S 5 18 0 17 21 6 111 211 1.9
Steel tú 79 292 0 273 298 79 1 654 2646 1.6
bEam t¡z S 5 19 0 0 40 11 140 274 2.0

M 79 301 0 0 495 131 1 854 3059 1.7
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Table E-2. Load Components a¡rd Resistance - conünued.

tlo sr. rypeBpan Gr. F D1 D2 D3 D4 LL R min ì actua Ratic

1 2 3 4 5 6 7 8 o 10 11 12 13 14 15 16
17 M S.S. 60 G1 6.4 Þ 4 17 0 16 21 6 107 289 2.7

Sleel lv 63 258 0 240 277 7S 1492 2686 1.8
beam \¡¿ S 4 18 0 0 39 11 137 384 2.8

tú 63 266 0 0 460 125 1 696 3257 1.9

18 M s.s. 59 G1 5.1 S 5 9 0 12 3 1 43
Steel M 75 133 0 177 42 11 615
beam G2 s 5 13 0 0 33 9 115

M 75 197 0 5 370 100 1 379

1g M s.s. 122 G1 7.2 s 14 39 5 56 26 5 216
Steel M 422 1195 143 1 698 756 153 6468
plate G2 S 14 44 I 1 49 10 213

tv 422 1327 248 17 1275 259 5947

20 M S.S. 103 G1 5.5 S 12 26 0 30 16 4 132
Sleel M 304 675 0 775 39s 86 3323
olate G2 S 12 25 0 0 37 I 146

M 304 642 0 0 789 173 331 6

21 M S.S. 45 G1 5.5 s 5 11 0 13 14 4 78
Steel M 54 126 0 147 133 39 796
plate IJ'¿ S 2 11 0 0 33 10 109

w 27 199 0 0 265 78 1 038

22 æ S.S. 60 G1 7.2 S 32 0 3 7 30 I 163
P/S fv 481 0 49 106 403 109 1 938 2413 1.2

Double T G2 s 32 0 4 0 61 16 252
M 481 0 59 0 807 218 2924

23 æ s.s. 39 G1 7.3 s 20 0 2 5 27 I 133
P/S M 197 0 20 47 216 76 977 1270 1.3

Double T \2¿ s 20 0 3 0 55 17 217
M 193 0 24 0 423 129 1 480 1 805 1.2

24 @ s.s. 76 G1 7.8 S 25 25 3 10 29 7 188
P/S N 479 475 65 198 495 123 2920 3854 1.3

G2 s 25 31 5 1 49 12 252
rv 479 589 102 28 774 192 3653 4603 1.3
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Table E-2. I-oad Components and Resistance - continued.

\ta sr. IvpeÐpan Gr. F D1 D2 D3 D4 LL I R min ì actua Ratio

1 2 3 4 5 6 7 I 9 10 11 12 13 14 15 16

25 @ s.s. 98 G1 7.5 S 32 41 5 6 33 7 230
P/S M 780 996 109 166 740 166 4632 670 1 1.4

G2 S 32 36 7 1 49 11 269
M 780 877 160 34 1 009 227 5089 670 1 1.3

26 @ S.S. 120 G1 6.5 S 41 38 7 22 40 I 287
P/S lv 1218 1144 199 678 1 133 231 7171 8725 1.2

C.2 ù 41 36 7 1 44 I 264
IV 't218 1 095 212 48 1113 227 6253 8725 1.4

27 00 s.s. 138 G1 6.3 S 55 46 6 43 30 6 318
P/S IV 1 891 1578 196 1 506 974 185 9235

G2 S 55 42 I 1 43 I 292
[/ 1 891 1 463 273 57 't27 4 242 8078

28 co s.s. 110 G1 7.5 S 37 47 2 23 26 Þ 247
P/S IV 1019 1284 41 631 703 150 571 8 8395 1.5

\¡¿ S 37 42 7 1 50 11 288
M 1019 1151 204 51 1 162 248 6212 8395 1.4

29 TX s.s. 102 G1 7.8 S 42 41 9 4 46 10 291
P/S M 1 069 1 040 232 109 1107 244 61 15 9294 1.5
¡V L:¿ s 42 37 10 2 51 11 297 431 1.5

M 1 069 946 252 62 1 099 242 5936

30 TX s.s. 118 G1 6.6 S 49 JÞ b 4 36 7 256
P/S M 1 431 1 062 183 130 1 104 227 6536 8758 1.3
IV c¿ S 49 36 7 1 44 9 278

M 1 431 1 063 214 50 1 104 227 6475 8289 1.3

31 TX s.s. 130 G1 4.6 S 53 35 6 4 31 6 243
P/S M 1737 1 120 188 151 862 169 6392 91 41 1.4

C.2 S 53 28 6 1 33 6 234 316 1.4
M 1737 908 181 49 862 169 s975

32 PA S.S. G1 S 59 129 I 9 24 5 391
P/S 102 10.2 [/ 1 507 3285 222 193 582 128 831 0 1 4968 1.8

-beam G2 s 59 52 23 11 63 14 420
tú 1 507 1 323 596 128 1 441 317 8435 1 4968 1.8
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Table E-2. I-oad Components and Resistance - continued.

st. Type tpan Gr. F D1 D2 D3 D4 LL I R min ì actual Ratic

1 2 3 4 5 6 7 I I 10 11 12 13 14 15 16

33 PA S.S. 106 G1 6.8 S 47 35 6 34 23 5 258
P/S M 1 236 930 144 897 577 125 5692 8766 1.5
-beam G2 S 47 38 11 4 46 10 293

V 1 236 991 287 88 1 013 220 6060 8241 1.4

34 M s.s. 103 G1 6.9 S 42 28 0 76 10 0 249
P/S tv 1 090 731 0 1 960 244 0 5445 8657 1.6

-beam G2 S 42 40 0 0 46 10 269
V 1 090 1 034 0 0 995 218 5393 7820 1.5

35 M s.s. 76 G1 6.9 S 31 21 0 56 7 0 184
P/S M 594 398 0 1 064 133 0 296 1 3908 1.3

IV Crz S 22 30 0 0 45 11 221

M 420 563 0 0 661 165 307 1 3839 1.3

36 IL S.S. 40 G1 6.5 S 0 19 0 7 19 6 103

P/S M 0 191 0 67 156 47 860
-beam G2 s 0 22 0 0 36 11 153

M 0 220 0 0 244 73 1 081

37 IL S.S. 43 G1 6.4 S 0 22 2 5 22 Þ 116

RC. M 0 234 26 61 193 57 1 065
-beam G2 s 0 24 2 1 36 11 160

M 0 257 26 14 269 80 127 1

38 IL S.S. 60 G1 6.5 S 0 40 4 13 26 7 170

RC. M 0 599 65 193 339 92 2275
ï -beam G2 S 0 41 7 0 39 11 200

M 0 620 105 0 437 118 2385

39 ol( s.s. 50 G1 5.9 S 0 27 0 11 16 5 111

RC. M 0 341 0 148 171 49 1 235
-beam G2 S 0 33 0 2 34 10 165

M 0 412 0 33 305 87 1 589

40 OK s.s. 30 G1 6.7 S 0 't7 0 0 28' I 't 17

RC. M 0 125 0 4 157 47 677
-beam lrrz S 0 13 0 1 34 10 133

M 0 101 0 7 157 47 647
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Table E-2. lnad Components and Resistance - continued.

\ln sr. TvoeBoan Gr. F D1 D2 D3 D4 LL I R min R actua Ratio

1 2 3 4 5 6 7 I 9 10 11 12 13 14 15 16
41 o( S.S. 40 G1 6.7 S 0 24 0 0 31 9 139

R.C. M 0 244 0 7 250 75 1 145
T-beam G2 S 0 20 0 1 37 11 154

M 0 201 0 13 250 75 1 091

42 OK S.S. 50 G1 6.7 s 0 37 0 1 33 9 164
R.C. M 0 460 0 13 345 99 1754
-beam G2 s 0 31 0 1 39 11 177

M 0 392 0 26 345 99 1 675

43 PA S.S. 38 G1 9.3 S 12 15 3 12 31 9 166
P/S M 111 146 31 112 235 70 1 180
Box G2 S 12 18 5 0 49 15 217

M 111 166 50 0 348 104 1 405

44 PA S.S. 41 G1 9.3 s 13 17 4 13 32 10 175
P/S tv 129 170 36 131 265 80 1 352
Box G2 S 13 19 6 0 51 16 225

M 129 194 58 0 393 118 1 603

45 PA S.S. 47 G1 9.3 S 15 19 4 15 33 10 188
P/S M 172 227 48 174 329 95 1726
Box \¡¿ S 15 22 7 0 52 15 238

M 172 259 78 0 487 141 2024

r6 PA s.s. 19 G1 9.75 S 4 I 2 7 22 7 103

P/S M 20 39 7 31 82 25 357
Box G2 S 4 9 3 0 39 12 154

M 20 44 13 0 135 40 480

47 PA S.S. 72 G1 9.5 S 27 33 6 25 36 I 255
P/S M 485 595 112 441 589 150 3725
Box c¿ s 27 34 10 0 58 15 293

M 485 611 183 0 878 223 4054

48 PA s.s. 37 G1 9.3 S 10 15 3 12 33 10 172
P/S M 90 138 32 109 243 73 1 164
Box ca s 10 16 5 0 49 15 210

lv 90 146 47 0 329 99 1 296
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Table E-2.[-aad Components and Resistance - continued

sr. TvoeBoan Gr F D1 D2 D3 D4 LL I R min R actua Ratio

1 2 3 4 5 6 7 I 9 10 11 12 13 14 15 16

49 PA S.S. 46 G1 9.3 S 14 19 4 15 36 11 198

P/S V 160 221 50 174 350 102 1 765

Box Crz S 14 20 7 0 52 15 234

M 160 233 75 0 474 138 1 935

50 PA S.S. 52 G1 10.2 S 18 24 5 19 34 10 211

P/S M 229 304 58 244 381 108 2147

Box G2 S 18 26 I 0 57 16 2Ê7

M 229 337 101 0 605 171 2552

51 PA s.s. 72 G1 7.3 S 30 26 I 26 25 6 216

P/S V 533 456 146 467 402 102 3177

Box c¿ S 30 24 8 0 46 12 242
M 533 435 140 0 668 170 3258

52 PA s.s. 61 G1 9.1 S 21 24 I 20 37 10 230

P/S M 317 370 118 297 494 133 2793

Box LrZ S 21 26 I 0 54 15 260

M 317 390 125 0 674 181 2935

53 PA S.S. 50 G1 9.5 S 17 21 7 18 32 9 200

P/S M 206 261 83 220 365 104 2020

Box t¡¿ S 17 22 7 0 54 15 247

tr/ 206 278 89 0 542 155 2259

54 PA S.S. 42 G1 9.4 S 11 16 4 13 32 9 172

P/S M 120 168 38 138 275 82 1377

Box Ctz S 11 19 6 0 52 15 226
M 120 197 63 0 418 125 1 671

55 PA s.s. 75 G1 4.0 S 25 I 3 11 17 4 129

P/S lì/ 475 157 63 213 292 73 1 971

Box G2 s 25 11 5 0 27 7 150

M 475 209 84 0 389 97 2054

5€ PA S.S. 74 G1 4.0 s 28 0 2 32 14 4 140

P/S M 513 0 28 592 237 60 2116

Box G2 S 28 0 3 0 28 7 136

M 513 0 62 0 386 97 1 795
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Table E-2. Load Components and Resistance - continued

sr. Tvoe tpan Gr. F D1 D2 D3 D4 LL I R min Racl )ali,

1 2 3 4 5 Þ 7 I I 10 11 12 13 14 15 16

57 CA S.S. 120 G1 S 0 1101 80 68 199 41 2523
P/S IV 0 1 6399 2577 2024 5605 1 149 41 696

Box

58 CA s.s. 104 G1 S 0 504 73 62 262 57 1792
P/S N 0 13104 1 893 1622 6383 1 392 38476
Box

59 CA S.S. 82 G1 S 0 321 46 44 191 46 1234

P/S lü 0 654 1 930 897 3576 865 2051 5

Box

60 CA S.S. 125 G1 S 0 565 74 71 201 40 1 701

P/S M 0 17 648 2324 2227 5920 1 194 44274

Box

61 PA c.s. 74- G1 5.5 S 6 13 0 23 16 4

Stee 60 S 16 37 0 65 19 5

beam S 4 9 0 15 16 4

lv 83 190 0 329 226 57
lv 116 -256 0 -443 -142 -36

lú 35 80 0 138 178 45
G2 S t) 16 0 I g4 9

S 16 46 0 23 40 10

s 4 11 0 6 33 I
M 83 235 0 119 414 104
À/ -112 -31 6 0 160 -260 -65

M 35 98 0 50 326 82

62 M c.s. 90- G1 7.9 s 31 44 0 61 23 4

Stee 180 S 94 137 0 188 25 4

plate S 26 44 0 51 2g 4

M 1 120 1 629 0 2241 884 141
lt -1707 -2485 0 -9414 -472 -74

M 786 1144 0 1 573 797 131

Cr2 s 31 65 0 0 51 I
s 94 200 0 0 54 9

S 26 54 0 0 51 I
M 1 120 2383 0 0 1 681 267
IV -1707 -3632 0 0 -898 147

M 786 1672 0 0 1515 248
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Table E-2. Iaad Components and Resistance - continued

\o st. Tvoe tpan Gr. F D1 D2 D3 D4 LL I Rmir Ract
1 2 3 4 5 6 7 I I 10 11 12 13 14 15 16

63 M c.s. 20- G1 7.8 S 11 33 0 63 11 0

Stee 50- s 36 112 0 2't 1 36 0

plate '120 M 241 737 0 1 396 241 0

M -447 -1370 0 -2596 -447 0

M 233 714 0 1 353 233 0

G2 S 11 41 0 0 -49 10
S 36 138 0 0 53 11

M 241 915 0 0 1 007 206
tv -447 1 701 0 0 -603 123
fv 233 886 0 0 10'17 207

64 M C.s 30- G1 7.5 s 1 þ 0 4 20 6

stse 50- S 5 30 0 20 27 I
-beal 30 M 4 26 0 18 95 28

M 18 118 0 -79 -1 10 -33
M 13 86 0 57 143 43

G2 S 1 7 0 0 36 11

S 5 35 0 0 46 14
M 4 30 0 0 145 43
lv 18 136 0 0 -1 68 -51

tv 13 99 0 0 219 66

65 M c.s. 85- G1 8.7 S 7 g2 0 18 38 9

stee 80- S 17 81 0 45 43 10
-beal 85 M 117 550 0 307 598 142

M 129 -608 0 -340 -369 -88
M 13 61 0 34 455 127

G2 S 7 34 0 0 51 12
S 17 86 0 0 57 14
lv 117 586 0 0 693 165
lv -129 -648 0 0 -428 102
lú 13 65 0 0 s27 't26

6€ CA c.s 1.7 - G1 S 0 217 34 18 182 46
P/S 4.5- S 0 732 113 62 210 53
box 71 M 0 2890 447 243 2478 629

M 0 -5375 -832 -452 -1 603 -407
M 0 280 1 433 235 251 6 639
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Table E-2. Load Components and Resistance - continued

\ln sr. ;Pan Gr. F D1 D2 D3 D4 LL Rmin âClur f-ri

1 2 3 4 5 6 7 I 9 10 11 12 13 14 15 16
67 CA c.s ttt!- G1 ù 0 196 30 17 179 47

PiS 85- S 0 689 107 58 209 55
box 53 S 0 602 93 51 211 55

S 0 125 19 11 169 44
M 0 2369 367 199 2209 579
M 0 -4771 -738 .401 -1180 -309

t'/ 0 2664 4',t2 224 2218 581
lv 0 -3774 -584 -317 -1 633 -428
tì/ 0 964 149 81 1 580 414

68 CA c.s. 81- G1 9.0 S 240 192
P/S 05- s 435 219
box 81 M 301 7 2535

M .6044 -2387
M 4007 2642

69 CA c.s. 10- G1 9.0 S 441 239
P/S 20- S 719 263
box 100 s 659 265

M 7999 41 50
N 12245 -4005
tv 6437 3659
lv 1 0561 -3724
fv 61 82 3774

70 CA c.s. 60- G1 8.8 S 636 209
P/S 95- S 1 086 272
box 112 S 996 270

M 1 6696 6057
M -32669 -7516
M 18810 5956
M -24176 -6712
M 3974 41 41

71 CA s.s. 130 G1 8.0 s 266 1 991
P/S M 861 61 301 49
box

72 CA S.S. 139 G1 9.4 S 4114 1 345
P/S lV 142231 42308
box
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Table E-2. l.oad Components and Resistance - contlnued

sr. TvoeBoan Gr. F D1 Ð2 D3 D4 LL R mir actufiatir

1 2 3 4 5 Þ 7 I 9 10 11 12 13 14 15 16

73 CA c.s. r00- G1 s 899 228
P/S 200 s 1 571 309
box M 29028 7719

lv -55945 10444

74 CA c.s. t)5- G1 not s 194 190

P/S 65 consl S 324 210
box fv 2067 2138

v -3762 -1622

75 CA c.s. 3.5- G1 9.0 S 382 240
P/S 99 S 639 261

box v 6213 4111
V 11012 -3763

76 CA c.s. 3.5- G1 10.7 S 396 218
P/S 102 s 656 237
box S 387 218

M 6805 3821
lv 1 1474 -3569
M 6439 3767

76 CA c.s. 09- G1 9.9 S 502 260

P/S 109 S 850 283
box M 91 68 4967

M -1 6666 -4920

77 c¡ c.s. 75- l¡l 8.8 S 1 082 493

P/S 123 S 1 785 57',|

box s 1 046 493
M 22750 11761
M -40093 -1 1490
M 20976 11566

7e c¡ c.s. 35- \'t 8.7 S 1 030 422
P/S 132 S 1 693 514

box s 985 422
M 23350 9579
M -37095 -10294

M 20999 9345
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Table E-2. L,oad Components and Resista¡rce - continued

tlo st. lvpe
'pan

Gr. F D1 D2 D3 D4 LL I R mir aclui lati,

1 2 3 4 5 6 7 I I 10 11 12 13 't4 15 16
79 CA c.s. 46- G1 9.9 S 713 267

P/S 144 S 1207 338
box S 729 267

M 1 678 6934
M -32030 -81 31

ÎV 177',t3 7017
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not cover a full range of spans and other parameters. Therefore,
additional bridges_ are designed as a part of thlé study. The analysts is
focused on, glrder brldges, including steel non-compostte and
composite þeams, reinforced concrete T-beams and þrestressed
concrete AASHTo tlpe gtrders, with spans from 30 to 2oo ft. tr'ive
glrder spacings are considered: 4, 6, 8, lo and 12 ft. Tlpical cross
sections are assumed. In all consldered cases, the actual resistance,
Ractual, ls made equal exactly to R¡¡6. Thts me¿uls that the sections
are neither overdesigned nor underdesigned. Separate designs are
carried out for moments a¡rd shea¡s.

The calculated load components and reslstance are summarlzedin tables. In the analysis, ltve loads are distributed uslng glrder
distrtbution factors (GDF) specifled by AASIITO. For the momeãté, the
calculated nominal (design) loads and resistance, R*trr, are given in
Tables E-3 through E-6 for non-composite steel, composite steel,
reinforced concrete T-beams and presfressed AASHTO tlpe girders,
respectively. For shears, the results are presented in Tables B-? to B-
9.

For each considered case, the mean and standard deviation is
calculated for the total load effect. The results are also shown tn Tables
E-3 to E-9, lncluding span length, girder spacing, D1, D2, Dg , LL
(static part of live load), I (dynamic part of live load), me (mean total
load effect), sQ (standard deviatton of total load effect) and R¡¡6. The
moments are given in k-ft and shears in kips.

CArcUI"ATED RELI.ABILITY INDICES

The reltabtltty indices are calculated for girder brldges and the
limtt states (moment and shear) descrlbed by the represeñtaüve load
components and resistance llsted tn Tables E-3 through E-9. The
results ¿rre presented in Table E-rO to E-13, for slmple span momentsln non-composite steel, composite steel, reinforced concrete and
prestressed concrete girders, respectively. For shears the results are
given in Tables E-14 to E-16. For each considered case, given are: the
span length, girder spacing, mea.n total load, mg, standard devtation of
total load, o, nomlnat (design) value of resistance, Rn, bias factor for
resistance, I, coefficient of variation of resistance, V, and the
reliability index, p.

The reliability tndices are also presented in Fig. 8 to I I for
moments ln non-composlte steel, composite steel, relnforced
concrete and prestressed concrete. For shea¡s the results are shown
in Fig. 12 to L4.
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Table E-3. Representative Load Components and Resistance for Non-
Composite Steel Girder Bridges, Moments.

Span lSpace D1 D2 D3 LL rn sQ R(min)
(fr) (fr) (k-ft) (k-fr) (k-fr) (k-ft) (o/ol ( k-fr) tk-ft) (k-fr)

30 4 I 61 12 103 30 321 43 395

30 6 8 84 18 154 30 428 57 578
30 8 I 104 24 205 30 526 70 756

30 10 10 130 30 256 30 629 83 945

30 12 11 160 36 308 30 733 95 1 138

60 4 41 245 49 293 27 916 106 1243

60 6 54 335 73 440 27 1227 140 1813

60 I 77 414 97 587 27 1 525 172 238 1

60 10 95 521 122 733 27 1 839 203 2979
60 12 113 639 146 880 27 2158 234 3592

90 4 263 552 109 489 23 1920 186 2509

90 6 284 754 164 733 23 2506 245 3524
90 I 304 931.5 219 978 23 3046 299 4505

90 10 324 1 172 273 1222 23 3639 354 5569

90 12 354 1 438 328 1 467 23 4258 409 6679

120 4 540 981 194 685 20 31 57 276 401 9

120 b 630 1 341 292 1 027 20 41 48 364 5625

120 I 684 I 656 389 1 369 20 s026 446 7126
120 10 720 2083 486 17 12 20 5983 529 8748
't20 12 810 255 6 583 2054 20 7030 613 1 0501

200 4 300 0 2725 540 1 491 15 9096 617 11878

200 6 3500 3725 810 2236 15 11714 806 1 6045

200 I 4000 4600 1 080 2982 15 14148 982 20050
200 10 4500 578 I 1 350 3727 15 1 6875 1171 24461

200 12 5000 7r 00 1 620 4473 15 1 9705 1 365 29035
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Table E-4. Representative Load Components and Resistance for
Composite Steel Girder Bridges, Moments.

Span lSpace DI o2 D3 LL I rnQ sQ R(min)
tft) (ft) (k-fr (k-ft) (k-ft) tk-ft) (%l (k-fr) (k-ft) (k-ft)

30 4 7 61 12 103 30 320 43 394
30 6 7 84 18 154 30 426 57 576
30 8 I 104 24 205 30 525 70 755
30 10 9 130 30 256 30 628 83 944
30 12 10 160 36 308 30 731 95 1 136

60 4 39 245 49 293 27 914 106 1241
60 6 48 335 73 440 27 1221 140 1 806
60 8 70 414 97 587 27 1518 172 2372
60 10 84 521 122 733 27 1 828 203 2965
60 12 103 639 146 880 27 21 48 234 3579

90 4 258 552 109 489 23 1915 186 2502
90 b 268 754 164 733 23 2490 244 3504
90 I 286 931 .5 219 978 23 3028 299 4482
90 10 303 1172 273 1222 23 361 7 354 5542
90 12 339 1 438 328 1 467 23 4242 409 6659

120 4 502 981 194 685 20 3118 276 3970
120 6 607 1341 292 1027 20 4124 364 5595
120 8 650 1656 389 1 369 20 499 1 446 708 1

120 10 681 2083 486 1712 20 5943 529 8698
120 12 773 255 6 583 2054 20 6992 613 1 0453

200 4 2780 2725 540 1 491 15 I 870 610 11592
200 6 3303 3725 810 2236 15 11511 800 1 5789
200 I 3790 4600 1 080 2982 15 1 3932 976 19777
200 10 41 90 5788 1 350 3727 15 1 6556 1163 24058
200 12 4875 7100 1 620 4473 15 1 9577 1362 28873

I

I

.:
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Table E-5. Representative Load Components and Resistance for
Reinforced Concrete T-Beam Bridges, Moments.

Span Spacel D1 D2 D3 LL I mO sO R(min)

tft) (ft) (k-ft) ( k-ft) (k-ft) (k-fr) (l"l ( k-fr) (k-fr) ( k.ft)

30 4 0 107 12 94 30 361 44 467

30 6 0 129 18 141 30 467 58 655

30 I 0 150 24 188 30 566 71 841

30 10 0 174 30 235 30 665 84 1 032

30 12 0 236 36 282 30 801 97 127 7

60 4 0 460 49 269 27 1 100 114 1 558

60 6 0 630 73 403 27 1481 151 2250

60 I 0 720 97 538 27 't767 183 2827

60 10 0 878 122 672 27 2116 216 3502

60 12 0 1 035 146 807 27 2458 249 417 6

90 4 0 1 420 109 448 23 256 1 230 354 1

90 6 0 1720 164 672 23 3228 293 4719

90 I 0 1 923 219 896 23 377 4 347 5757

90 10 0 2278 273 1 120 23 4466 409 701 5

90 12 0 2683 328 1344 23 520 0 472 8345

120 4 0 2790 194 628 20 450 1 387 61 33

't 20 6 0 3330 292 942 20 5587 482 7965

120 8 0 3 870 389 1 255 20 6646 575 9796

120 10 0 4590 486 1 569 20 787 4 679 11888

120 12 0 5400 583 1 883 20 91 82 788 14109
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Table E-6. Representative Load Components and Resistance for
Prestressed Concrete Girder Bridges, Moments.

Span iSpace D1 D2 D3 LL llntQ sQ R(min)
(fr) (ft) tk-ft) (k-fr) I k-fil ( k-ft ) Phl (k-ft) (k-ft) (k-fil

30 4 43 61 12 103 30 357 43 441
30 6 43 84 18 154 30 463 57 622
30 I 43 104 24 205 30 561 70 801

30 10 43 130 30 256 30 663 83 988
30 12 43 160 36 308 30 765 95 1179

60 4 262 245 49 293 27 1144 108 1 531

60 6 262 335 73 440 27 1 442 142 2084
60 I 262 414 97 587 27 1716 173 2622
60 10 262 521 122 733 27 201 1 204 31 97
60 12 262 639 146 880 27 2312 234 378 6

90 4 832 552 109 489 23 2506 197 3249
90 6 832 754 164 733 23 307 1 253 4237
90 I 832 932 219 978 23 3590 306 51 92
90 10 832 1',t72 273 1222 23 4162 360 6229
90 12 832 1 438 328 1 467 23 4750 414 7300

120 4 1 899 981 194 685 20 4557 314 578 6
120 6 1 899 1 341 292 1 027 20 5455 393 7275
120 I 1 899 1 656 389 1 369 20 6277 469 8705
120 10 1 899 2083 486 1712 20 71 98 549 10281
120 12 1 899 2556 583 2054 20 81 52 629 11917

200 4 565 0 2725 540 1491 15 11826 733 1 5323
200 6 5650 3725 810 2236 15 1 3928 885 1 8840
200 I 5650 4600 1 080 2982 15 1 5848 1 036 221 95
200 10 5650 5788 1 350 3727 15 1 8059 't204 25956
200 12 565 0 71 00 1 620 4473 15 20375 1382 29880
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Table E-7. Representative Load Components and Resistance for Steel
Girder Bridges, Shears.

Span Spacel D1 D2 D3 LL I rm sQ R(min)
(ft) (ft) tk) (k) (k) (k) (/"1 (k) (k) (k)

30 4 1 I 2 21 30 49 7 73

30 6 1 11 2 30 30 63 9 103

30 I 1 't4 3 39 30 77 11 134

30 10 1 17 4 47 30 92 12 162

30 12 2 21 5 56 30 106 14 193

60 4 3 16 3 24 27 73 o 96

60 6 4 22 5 35 27 96 12 137

60 I 5 28 b 47 27 118 14 180

60 10 6 35 I 57 27 142 17 220

60 12 I 43 10 68 27 166 19 264

90 4 12 25 5 26 23 103 11 122

90 6 13 34 7 37 23 133 15 169

90 I 14 41 10 49 23 161 18 216

90 10 14 52 12 60 23 192 21 263
90 12 16 64 15 72 23 223 24 314

120 4 18 33 6 26 20 124 12 143

120 6 21 45 10 38 20 162 16 198

120 I 23 55 13 51 20 196 19 251

120 10 24 69 16 62 20 232 23 304

120 12 27 85 19 74 20 271 26 363

200 4 60 55 11 33 15 208 16 246

200 6 70 75 16 50 15 267 21 333

200 I 80 92 22 66 15 323 25 417

200 10 90 116 27 83 15 384 30 510

200 12 100 142 32 99 15 447 35 604
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Table E-8. Representative Load Components and Resistance for
Reinforced Concrete T-Beam Bridges, Shears.

Soan iSoace D1 D2 D3 LL I rm sQ R(min)
(ft) (ft) tk) tk) tk) lkì (o/"1 (k) (k) tk)

30 4 0 14 2 20 30 54 7 78
30 b 0 17 2 28 30 69 9 107
30 B 0 20 3 37 30 83 11 139
30 10 0 23 4 45 30 97 13 165
30 12 0 31 5 53 30 116 14 201

60 4 0 31 3 23 27 85 10 110
60 6 0 42 5 33 27 113 12 156
60 I 0 48 6 44 27 135 15 197
60 10 0 59 8 53 27 160 18 240
60 12 0 69 10 64 27 186 20 285

90 4 0 63 5 24 23 131 13 155
90 6 0 76 7 35 23 165 16 206
90 I 0 85 10 46 23 194 19 253
90 10 0 101 12 56 23 229 23 305
90 12 0 119 15 67 23 265 26 362

120 4 0 93 6 25 20 169 15 197
120 6 0 111 10 36 20 210 19 254
120 8 0 129 13 47 20 250 23 314
120 10 0 153 16 58 20 295 27 378
120 12 0 180 19 69 20 343 31 448

.l
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Table E-9. Representative Load Components and Resistance for
Prestressed Concrete Girder Bridges, Shèars.

Soan ¡Spacer D1 D2 D3 LL rrn sQ Rlmin)
(ft) (ft) (k) (k) (k) rkt (o/"1 (k) (k) (k)

30 4 b I 2 21 30 53 7 79

30 6 6 11 2 30 30 68 9 109

30 I 6 14 3 39 30 82 11 140

30 10 6 17 4 47 30 96 12 168

30 12 6 21 5 56 30 111 14 199

60 4 17 16 3 24 27 88 I 115

60 6 17 22 5 35 27 110 12 155

60 I 17 28 6 47 27 131 14 196

60 10 17 35 I 57 27 153 17 235

60 12 17 43 10 68 27 176 19 277

90 4 37 25 5 26 23 129 12 155

90 6 37 34 7 37 23 158 15 200

90 I 37 41 10 49 23 185 18 246

90 10 37 52 12 60 23 215 21 292

90 12 37 64 15 72 23 245 24 342

120 4 63 33 b 26 20 171 13 202
120 6 63 45 10 38 20 205 17 253

120 I 63 55 13 51 20 237 20 303

120 10 63 69 16 62 20 273 23 355

120 12 63 85 19 74 20 309 27 410

200 4 113 55 11 33 15 262 18 315

200 b 113 75 16 50 15 311 22 389

200 I 113 92 22 66 15 357 26 460

200 10 113 116 27 83 15 408 31 539

200 12 113 142 32 99 15 460 35 621
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Table E-f O. Reliability Indices for HS2O (AASHTO), Simple Spar¡
Moment in Non-Composite Steel Girders.

Span SpacinE Load Effect (k-ft) Resistance k-ft) 0
ft ft mQ o Rn ¡. V
30 4 321 43 395 1.12 0.10 2.00
30 6 428 57 578 1.12 0.10 2.66
30 I 526 70 756 1.12 0.10 3.10
30 10 629 83 945 1.12 0.10 3.43
30 't2 733 95 1 138 1.12 0.10 3.69
60 4 916 106 1243 1.12 0.10 2.90
60 6 1227 140 1813 1.12 0.10 3.54
60 I 1 525 172 238 1 1 .12 0.10 3.96
60 10 1 839 203 2979 1.12 0.10 4.25
60 12 21 58 234 3592 1.12 0.10 4.47
90 4 1 920 186 250 9 1.12 0.10 2.85
90 6 2506 245 3524 1.12 0.10 3.39
90 8 304 6 299 4505 1.12 0.10 3.76
90 10 3639 354 556 9 1.12 0.10 4.03
90 12 4258 409 6679 1.12 0.10 4.22
120 4 31 57 276 401 9 1.12 0.10 2.75
120 6 41 48 364 5625 1.12 0.10 3.24
120 I 5026 446 7126 1.12 0.10 3.57
120 10 5983 529 8748 1.12 0.10 3.81
120 12 7030 613 1 0501 1.12 0.10 3.99
200 4 9096 617 I 1 878 1.12 0.10 3.19
200 b 11714 806 I 6045 1.12 0.10 3.56
200 I 14148 982 20050 1.12 0.10 3.82
200 10 1 6875 1171 24461 1.12 0.10 4.00
200 12 1 9705 1 365 29035 1.12 0.10 4.12
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Table E-ll. Reliability Indices for HS2O (AASHTO), Simple Span
Moment in Composite Steel Girders.

Soan Soacino Load Effect (k-ft) Resistance k-fr) ß

ft (ft mO o Rn l. V

30 4 320 43 394 '1.12 0.10 2.00
30 6 426 57 576 1.12 0.10 2.66
30 I s25 70 755 1.12 0.10 3.10
30 10 628 83 944 1.12 0.10 3.43
30 12 731 95 1 136 1.12 0.10 3.69
60 4 914 106 1241 1.12 0.10 2.90
60 b 1221 140 1 806 1.12 0.10 3.54
60 I 1518 't72 2372 1.12 0.10 3.96
60 10 1828 203 2965 1.12 0.10 4.25
60 12 21 48 234 3579 1 .12 0.10 4.47
90 4 1915 186 2502 1.12 0.10 2-84
90 b 2490 244 3504 1.12 0.10 3.39
90 I 3028 299 4482 1.12 0.10 3.76
90 10 361 7 354 5542 1.12 0.10 4.03
90 12 4242 409 6659 1.12 0.10 4.23
120 4 3118 276 3970 1.12 0.10 2.74
120 6 4124 364 5595 1.12 0.10 3.24
120 I 499 1 446 7081 1.12 0.10 3.57
120 10 5943 529 8698 1.12 0.10 3.81
120 12 699 2 613 1 0453 1.12 0.10 3.99
200 4 8870 610 11592 1.12 0.10 3.18
200 6 11511 800 1 5789 1.12 0.10 3.56
200 I 1 3932 976 19777 1.12 0.10 3.83
200 10 1 6556 1 163 24058 1.12 0.10 4.01

200 12 19577 1 362 28873 1.12 0.10 4.13
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Table E-L2. Reliability_ Indices for HS2o (AASHTO), simple span
Moment in Reinforced Concrete T-Beams.

Soan Soacino loacl Effect (k-fr) Resistance (k.ft) 0
( f t (ft) mQ o Rn t. V

30 4 361 44 467 1 .14 0.13 2.24
30 6 467 58 655 1 .14 0.1 3 2.73
30 I 566 71 841 1 .14 0.13 3.07
30 10 665 84 1 032 1 .14 0.13 3.32
30 12 801 97 1 277 1 .14 0.13 3.53
60 4 1 100 114 1 558 1 .14 0.1 3 2.97
60 6 1481 151 2250 1 .14 0.13 3.42
60 I 1767 183 2827 1 .14 0.1 3 3.71
60 10 2116 216 3502 1 .14 0.13 3.92
60 12 2458 249 417 6 1 .14 0.13 4.08
90 4 256 1 230 354 1 1 .14 0.13 2.94
90 b 3228 293 4719 1 .14 0.1 3 3.28
90 I 377 4 347 5757 1 .14 0.1 3 3.53
90 10 4466 409 701 5 1 .14 0.13 3.71
90 12 520 0 472 8345 1 .14 0.13 3.84

120 4 450 1 387 61 33 1 .14 0.1 3 2.88
120 6 558 7 482 7965 1 .14 0.13 3.16
120 I 6646 575 9796 1 .14 0.13 3.37
120 10 787 4 679 11888 1 .14 0.13 3.52
120 12 91 82 788 14109 1 .14 0.13 3.63
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Table E-13. Reliability Indices for HS2O (AASHTO), Simple Span
Moment in Prestressed Concrete Girders.

Soan Soacino Load Effect (k-ft) Resistance k-ft) Ê

ft (fr) mQ o Rn À V

30 4 357 43 441 1.05 0.08 1.90

30 6 463 57 622 1.05 0.08 2.58
30 8 561 70 801 1.05 0.08 3.05
30 10 663 83 988 1.05 0.08 3.41

30 12 765 95 1 179 1-05 0.08 3.71

60 4 1144 108 1 531 1.05 0.08 2.98
60 6 1 442 142 2084 1.05 0.08 3.62
60 I 1716 173 2622 1.05 0.08 4.07
60 10 201 1 204 3197 1.05 0.08 4.42
60 'l 2 2312 234 3786 1.05 0.08 4.68
90 4 2506 't 97 3249 1.05 0.08 2.95
90 6 307 1 253 4237 1.05 0.08 3.4 9

90 I 3590 306 51 92 1.05 0.08 3.88
90 10 41 62 360 6229 1.05 0.08 4.18
90 12 4750 414 7300 1.05 0.08 4.41

120 4 4557 314 5786 1.05 0.08 2.90
120 b 5455 393 7275 1.05 0.08 3.34
120 I 6277 469 8705 1.05 0.08 3.68
120 10 71 98 549 1 0281 1.05 0.08 3.94
120 12 81 52 629 11917 1.05 0.08 4.15
200 4 11826 733 1 5323 1.05 0.08 3.23
200 b 1 3928 885 1 8840 1.05 0.08 3.65
200 8 1 5848 1 036 22195 1.05 0.08 3.96
200 10 1 8059 1204 25956 1.05 0.08 4.20
200 12 20375 1 382 29880 1.05 0.08 4.37
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Table E-14. Reliability Indices for HS2O (AASHTO), Shear in Steel
Girders.

Soan Soacinq Load Effect (k) Resistance (k) 0

(ft (ft) mQ o Rn T V

30 4 49 7 73 1 .14 0.105 3.36

30 6 bó 9 103 1 .14 0.105 3.90

30 I 77 11 134 1 .14 0.105 4.36
30 10 92 12 162 1 .14 0.105 4.49
30 12 106 14 193 1 .14 0.105 4.69
60 4 73 9 96 1 .14 0.105 2.66

60 b 96 12 137 1.14 0.105 3.23
60 I 118 14 180 1 .14 0.105 3.66

60 10 142 17 220 1 .14 0.105 3.85

60 12 166 19 264 1 .14 0.105 4.06

90 4 103 11 122 1 .14 0.105 2.04

90 b 133 15 169 1 .14 0.105 2.53

90 I 161 18 216 1 .14 0.105 2.92

90 10 192 21 263 1 .14 0.105 3.11

90 12 223 24 314 1 .14 0.105 3.32
120 4 124 12 143 1 .14 0.105 1.92

120 6 162 16 198 1 .14 0.105 2.37
120 I 196 19 251 1 .14 0.105 2.71

120 10 232 23 304 1 .14 0.105 2.89

120 12 271 26 363 1 .14 0.105 3.07
200 4 208 16 246 1 .14 0.105 2.32

200 6 267 21 333 1 .14 0.105 2.74

200 I 323 25 417 1 .14 0.105 3.02
200 10 384 30 510 1 .14 0.1 05 3.22
200 12 447 35 604 1 .14 0.105 3.37
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Table E- 15. Retiability Indices for HS2O (AASHTO), Shear in
Reinforced Concrete T-Beams.

Spacing Load Efteq!__lEl___i Res¡stance (k) g

lfrì tflì mQ o Rn À V

54 7 78 1.20 0.1 55 2.89

30 6 69 I 107 1.20 0.155 3.25

30 I 83 11 139 1.20 0.1 55 3.60

30 10 97 13 165 1.20 0.155 3.70

30 12 116 14 201 1.20 0.1 55 3.82

60 4 85 10 110 1.20 0.1 55 2.34

60 6 113 12 156 1.20 0.155 2.72

60 I 135 15 197 1.20 0.1 55 3.03

60 10 160 18 240 1.20 0.155 3.16

60 12 186 20 285 1.20 0.155 3.31

90 4 131 13 155 1.20 0.1 55 1.91

90 b 165 16 206 1.20 0.1 55 2.22

90 I 194 19 253 1.20 0.1 55 2.47

90 10 229 23 305 't.20 0.1 55 2.60

90 12 265 26 362 1.20 0.155 2.73

120 4 169 15 197 1.20 0.155 1.85

120 6 210 19 254 1.20 0.155 2.09

120 8 250 23 314 '1.20 0.1 55 2.30

120 10 295 27 378 1.20 0.155 2.42

120 12 343 31 448 1.20 0.155 2.53

E-33



Table E- f 6. Reliability Indices for HS2O (AASHTO), Shear inPrestressed Concrete Girders.

lSpacing Load Effect (k) Resistance lk) ß

(fr) (ft) mQ o Rn À V
30 4 53 7 79 1 .15 0.14 2.93
30 b 68 9 109 1.15 0.14 3.35
30 I 82 11 140 1 .15 0.14 3.72
30 10 96 12 168 1.15 0.14 3.82
30 12 111 14 199 1.15 o.14 3.98
60 4 88 I 115 1.15 0.14 2.39
60 b 110 12 155 1 .15 0.14 2.80
60 I 131 14 196 1 .15 0.14 3.13
60 10 153 17 235 1 .15 0.14 3.27
60 12 176 19 277 1.15 0.14 3.44
90 4 129 12 155 1.15 0.14 1.94
90 6 158 15 200 1.15 0.14 2.26
90 I 185 18 246 1 .15 0.14 2.53
90 10 215 21 292 1.15 0.14 2.67
90 12 245 24 342 1.15 0.14 2.82
120 4 17 ',l 13 202 1 .15 0.14 1.91
120 b 205 17 253 1.15 0.1 4 2.16
120 I 237 20 303 1 .15 0.14 2.38
120 10 273 23 355 1.15 0.14 2.49
't20 12 309 27 410 1 .15 0.14 2.61
200 4 262 18 315 1.15 0.14 2.06
200 b 311 22 389 1.15 0.14 2.32
200 I 357 26 460 1 .15 0.14 2.51
200 10 408 31 539 1.15 0.1 4 2.66
200 12 460 35 621 1 .15 0.14 2.78
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TARGET RELIABILITY INDEX

The calculated reliabitity indices served as a basis for the
selection of the target reliability index, pa.

The most important parameters which determine the reliability
index are girder spacin$ and span length. In general, B's are higher for
larger girder spacing. This is due to more conservative values of GDF
(girder aistribution factor) compared to shorter spacings, as shown in
fig. 3. It is assumed that the safety level determined for simple qPal
mõment and corresponding to girdei spacing of 6 ft and span of 6O ft
is acceptable. Thèrefore, for girder brtdges, the target reliability
index is taken as 9r = 3.5.

To achieve a uniform safety level for all materials, spans and
girder spacings, the load and resistance factors are calculated in
Appendix F of this report.
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APPENDIX F lpad and Resistance Factors

I,OAD FACTORS

The obJective in the selection of load and reslstance factors is
closeness to the target reltability index, p1 . For each load component, X1,

load factor, Tr, ca¡r be considered as a function of the bias factor (mean to

nominal ratio), X.r, and the coefflctent of variation, Vt,

Tr = Ir(l +kVr)

wherekisaconstant.

(F-t)

The relattonship between the nomlnal (design) load, mean load and
factored load ls shown in Ffg. F-1. The shaded area tn Fig. F-I ts equal to-
the probability of exceeding the factored load value. The parameters of
bridþe load components are summarlzed in Table F-1.

Various sets of load factors, corresponding to different values of k,
¿ìre presented in Table F-2. The relatlonship is also shown in Fig. F-2.

Recommended values of load factors correspond to k = 2. For
simplicity of the designer, one factor is speclfied for D1 and D2, T = 1.25.

For D3, weight of asphalt, T = r.50. For live load a¡rd impact, the value of
load factor correspondlng to k = 2 ls r = 1'60' However' a more

conservative value of T = l.7O is proposed for the LRFD code.

RELIABILITY-BASED RESISTAI\ICE FAC"TORS

The relationship between the nominal (design) resistance, mean
resistance and factored resistance is shown l¡n Fig. F-3. The shaded area
in Fig. F-3 is equal to tlle probability of exceeding the factored resistance
value.

In the selection of reslstance factors, the acceptance criterion is
closeness to the target value of the rehablllty lndex, pa. Varlous sets of
resistance factors, Q, are consldered. Resistance factors used in the code

are rounded off to the nearest 0.O5. For each value of Q, the minimum
required resista¡rce, R¡p¡rp, is determined from the follou¡tng equatlon,

RLRFD = [1.25 D + l.5O D¡ + 1.70 ( t + I)l/0 (F-3)

where D is dead load except of D¡ which is the weight of asphalt surface.
The load factors are equal to the recornmended values.
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Fig. F-1. Probability Density Function, fx (x), of L,oad Component, &;
Mean [¡ad, m¡, Nominal (design) L,oad, X¡, and Factored L,oad, yr Xn.
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Ftg. F-2. I.oad Factors vs. k.
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Fig. F-3. Probability Density Function, fR (x), of Resistance, R;
Mean Reslsta¡rce, mR, Nomi¡nal (design) Resfstance, R¡,

and Factored Resistance, 0 R".
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Table F-1. Parameters of Bridge L,oad Components.

L¡ad Component Bias Factor Coefflcient of Variation

Dead load , D1
Dead load, D2
Dead load, D3
Live load {with impact)

r.o3
1.O5
l.oo

l. to-1.20

o.08
o. ro
o.25
o.18

Table F-2. Considered Sets of Load Factors.

L,oad Component k= 1.5 k=2.O k=2.5

Dead load , D1
Dead load, D2
Dead load, D3
Live load (wttn lmpact)

1.15
r.20
r.375

r.40- r.50

r.20
t.25
l.50

1.50- r.60

L.24
r.30
1.65

1.60- 1.70

Table F-3. Considered Resistance Factors.

Material Limit State Resistance Factors, Q

I¡wer Upper

Non-Composite Steel

Composite Steel

Reinforced Concrete

Prest¡essed Concrete

Moment
Shea¡

Moment
Shear

Moment
Shear

Moment
Shear

0.95
o.95

o.95
0.95

o.85
o.90

o.95
o.90

r.oo
r.o0

r.oo
1.OO

o.90
o.95

r.oo
o.95
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The calculattons are performed uslng tJ:e load components listed in
Tables E-3 to E-9 (see Appendix E). For a glven re-sistance factor,
material, span and girder spaclng, a value of Rfp¡rp is calculated using
Eq. F-3. Then, for each value of R¡p¡rp and coresponding loads, the
reliabtlity index is computed. For easier comparison wtth the current
AASFÍIO, a resistance ratio, r, is deflned as

r=RLRFD/Rnszo (F-4)

Resistance ratio is a measure of the actual change of the code
requirements. Value of r >l corresponds to LRFD code being more
conservative than current AASHTO, and r < I corresponds to LRFD being
less conservative than the current AASHTO.

Values of r a¡rd Þ are calculated for live load factor, y = 1.7O. For
comparison, the results a¡e also shown for llve load factor, T = 1.6O. The
calculations are performed for the resist¿rnce factors, Q, listed in Table F-
3.

The results of calculations are presented in tables and figures. For
moments, resistance ratios and reliabtlity lndices are listed in Table F-4
þt lol-ço-mposite steel girders, Table F-5 for composite steel girders,
Table F-6 for reinforced concrete T-beams and Table F-7 for prestressed
concrete girders, a¡rd for shears in Tables F-8, F-9 and F-lo, for steel,
reinforced concrete and prestressed concrete, respectively. The tabulated
data lncludes span length, girder spacing, mean total load, mO,
standard deviatron of total load, og, minimum resistance required by the
current AASHTO, RHS2o, resistance ratlos, r, and reliability indices, p.

The reliabllity indices are plotted vs. span in Ffg. F-4 to F-lO. The
resistance ratlos are shown in FTg. F-II to F-17 for glrder spaclng 4,6,8,
lO and L2 ft. In practice, the reliability indices for bridges deslgned by
the LRFD code do not depend on girder spacing.

OTHER RESISTANCE FACTORS

For some cases, there is no statistical data available, or the
available data is incomplete, so that calculatton of the rellability index is
not possible. In such cases, resista¡rce factors can be determined on tlle
basis of tl..e current speclfication. The current AASFÍIO is consldered as
acceptable, in partrcular for the sp¿rns ln the r¿mge from 40 to 60 ft.
Ttrerefore, resistance factors are calculated so that the required nomlnal
(design) resistance is the same for the LRFD Code and current AASFITO
for spans in this range. For other spans, the required resistance can be
different in LRFD Code and current AASHTO.
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Table F-4. Reliability Indices a¡rd Resistance Ratios for LRFD Code,
Simple Spa¡r Moments in Non-Composite Steel Girder Bridges.

Span spacel Load R(HS20) 0 = 0.95 0 = 1.00 0 = 0.95 0 = 1.00

(fr) (fr) Etfect (k-fr) ^{= 6 ^{= t.6 ï= 1.7 T= L.7

mQ 6 r ß I B I B I 0

30 4 321 43 395 1.29 3.80 1.23 3.44 1.36 4.12 1.29 3.77
30 6 428 57 578 1.18 3.80 1 .12 3.45 1.24 4.13 1.17 3.78

30 I 526 70 756 1.11 3.81 1.05 3.45 1.16 4.13 1.10 3.78

30 10 629 83 945 1.06 3.81 1.00 3.46 1.11 4.13 1.05 3.78

30 12 733 95 1 138 1.02 3.82 0.97 3.46 1.07 4.14 1.01 3.78

60 4 916 106 1243 1 .13 3.82 1.08 3.45 1.18 4.11 1.12 3.75

60 6 1227 140 1813 1.04 3.83 0.99 3.46 1.08 4.12 1.03 3.75

60 I 1 525 172 238 1 0.98 3.84 0.93 3.46 1.02 4.12 0.97 3.76

60 10 1 839 203 2979 0.94 3.84 0.90 3.47 0.98 4.12 0.93 3.75

60 12 21 58 234 3592 0.91 3.84 0.87 3.47 0.95 4.12 0.90 3.75

90 4 1 920 186 2509 1 .14 3.83 1.08 3.45 1.18 4.08 1.12 3.71

90 6 2506 245 3524 1.06 3.83 1.01 3.45 1.10 4.09 1.04 3.71

90 I 3046 299 4505 1.01 3.84 0.96 3.45 1.05 4.09 0.99 3.71

90 10 3639 354 5569 0.97 3.83 0.93 3.45 1.01 4.08 0.96 3.71

90 12 4258 409 6679 0.95 3.83 0.90 3.44 0.98 4.07 0.93 3.69

120 4 31 57 276 401 I 1 .15 3.83 1.09 3.44 1.19 4.06 1 .13 3.68

120 6 41 48 364 5625 1.08 3.83 1.03 3.44 1.11 4.06 1.06 3.68

120 I 5026 446 7126 1.04 3.84 0.98 3.45 1.07 4.O7 1.01 3.68

120 10 5983 529 8748 1.00 3.83 0.95 3.44 1.03 4.06 0.98 3.67

120 12 7030 613 1 0501 0.98 3.82 0.93 3.43 1.01 4.04 0.96 3.66

200 4 9096 617 11878 1.08 3.81 1.03 3.40 1 .10 3.97 1.05 3.57

200 6 11714 806 1 6045 1.03 3.82 0.98 3.41 1.06 3.98 1.00 3.58

200 I 14148 982 20050 1.00 3.82 0.95 3.42 1.02 3.99 0.97 3.59

200 10 I 6875 1171 24461 0.98 3.81 0.93 3.41 1.00 3.98 0.95 3.58

200 12 1 9705 1 365 29035 0.96 3.80 0.91 3.39 0.98 3.96 0.93 3.56
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Table F-5. Reliability Indices and Resistance Ratios for LRFD Code,
Simple Span Moments in Composite Steel Girder Bridges.

l^
Load R(HS20 0 = 0.95 0 = 1.00 0 = 0.95 0 = 1.00\)Pdl

(fr) (ft) Effect (k-fr) T= 1.6 T_ 1.6 \= 1.7 Y= 1.7

mO o I ß r ß t 0 Í ß

30 4 320 43 394 1.29 3.79 1.23 3.44 1.36 4.12 1.29 3.77
30 6 426 57 576 1.18 3.80 1 .12 3.45 1.24 4.13 1.17 3.78
30 I 525 70 755 1.11 3.81 1.05 3.45 1.16 4.1 3 1.10 3.78
30 10 628 83 944 1.06 3.81 1.00 3.45 1.11 4.1 3 1.05 3.78
30 12 73',1 95 1 136 1.02 3.82 0.97 3.46 1.Q7 4.13 1.01 3.78
60 4 914 106 1 241 1 .14 3.82 1.08 3.45 1.18 4.1 1 1.12 3.75
60 6 1 221 140 1 806 1.04 3.82 0.99 3.46 1.08 4.12 1.03 3.75
60 I 1518 172 2372 0.98 3.83 0.93 3.46 1.02 4.12 0.97 3.76
60 10 1 828 203 2965 0.94 3.84 0.90 3.47 0.98 4.12 0.93 3.75
60 12 21 48 234 3579 0.91 3.84 0.87 3.46 0.95 4.12 0.90 3.75
90 4 1915 186 2502 1 .14 3.83 1.08 3.45 1.18 4.08 1 .12 3.71
90 6 2490 244 3504 1.06 3.83 1.01 3.45 1.10 4.09 1.04 3.71
90 I 3028 299 4482 1.01 3.83 0.96 3.45 1.05 4.09 0.99 3.71
90 10 3617 354 5542 0.97 3.83 0.92 3.45 1.01 4.08 0.96 3.71
90 12 4242 409 665 I 0.95 3.83 0.90 3.44 0.98 4.07 0.93 3.69
120 4 3118 276 3970 1.15 3.83 1.09 3.44 1.19 4.06 1.13 3.68
120 6 4124 364 5595 1.08 3.83 1.03 3.44 1.11 4.06 1.06 3.68
120 I 499 1 446 708 1 1.04 3.84 0.98 3.45 1.07 4.07 1.01 3.68
120 r0 5943 529 8698 1.00 3.83 0.95 3.44 1.03 4.06 0.98 3.67
't20 12 6992 613 1 0453 0.98 3.82 0.93 3.43 1.01 4.04 0.96 3.66
200 4 8870 610 1 1 592 1.08 3.81 1.03 3.41 1.11 3.98 1.05 3.58
200 6 1151 1 800 1 5789 1.03 3.82 0.98 3.41 1.06 3.99 1.00 3.59
200 I 1 3932 976 19777 1.00 3.83 0.95 3.42 1.02 4.00 0.97 3.60
200 10 1 6556 1 163 24058 0.98 3.82 0.93 3.41 1.00 3.98 0.95 3.58
200 '' 2 1 9577 1 362 28873 0.96 3.80 0.91 3.39 0.98 3.96 0.93 3.56
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Table F-6. Reliability Indices and Resistance Ratios for LRFD Code,
Simple Span Moments in Reinforced Concrete T-Beam Bridges.

Spar Load R(HS20) 0 = 0.85 0 = 0.90 0 = 0.85 0 = 0'90

(fr) (fr) Etfect (k-fr) ^l- .6 y= r.6 T- .7 T= .7

mQ o Í ß I 0 I 0 I 0

30 4 361 44 467 1.34 4.00 1.27 3.68 1.40 4.24 1.33 3.93
30 b 467 58 655 1.24 4.01 1.18 3.69 1.30 4.26 1.23 3.94
30 I 566 71 841 1.18 4.02 1.11 3.6 9 1.23 4.26 1.16 3.95
30 10 665 84 1032 1.13 4.02 1.07 3.70 1.18 4.27 1 .12 3.95
30 12 801 97 1 277 1.09 4.01 1.03 3.69 1 .14 4.25 1.07 3.94
60 4 1 100 114 1 558 1.18 3.95 1.1 1 3.62 1.22 4.15 1.15 3.83
60 þ 1 481 151 2250 1.09 3.95 1.03 3.62 1.13 4.15 1.07 3.82
60 I 1767 183 2827 1.04 3.96 0.99 3.63 1.08 4.17 1.02 3.84
60 10 21 16 216 3502 1.01 3.96 0.95 3.63 1.04 4.16 0.99 3.84
60 12 2458 249 4176 0.98 3.96 0.92 3.63 1.01 4.16 0.96 3.83
90 4 256 1 230 354 1 1.15 3.82 1.09 3.47 1.18 3.97 1.',12 3.64
90 6 3228 293 4719 1.10 3.84 1.04 3.50 1.13 4.01 1.07 3.67
90 I 3774 347 5757 1.06 3.87 1.00 3.53 1.09 4.04 1 .03 3.71
90 10 4466 409 701 5 1.03 3.87 0.97 3.53 1.06 4.04 1.00 3.71
90 12 5200 472 8345 1.00 3.87 0.95 3.53 1.03 4.03 0.98 3.70
120 4 450 1 387 61 33 1 .15 3.73 1.08 3.38 1.17 3.86 1.11 3.52
120 6 5587 482 7965 1.10 3.77 1.04 3.42 1 .13 3.91 1.07 3.57
120 I 6646 575 9796 1.07 3.79 1.01 3.44 1.10 3.93 1.04 3.59
120 10 787 4 679 1 1 888 1.05 3.79 0.99 3.44 1.07 3.93 1.01 3.59
'120 12 91 82 788 14109 1.03 3.78 0.97 3.44 1.05 3.92 0.99 3.58
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Table F-7. Reliability Indices and Resistance Ratios for LRFD Code,
Simple Span Moments in Prestressed Concrete Girder Bridges.

Span Load R(HS20) 0 = 0.95 0 = 1.00 0 = 0.95 0 = 1.00

(fr) (fr) Effect (k-fr) T= l-6 T= 1.6 T= 1.7 T= 1.7

mQ o I 0 I 0 I ß I 0

30 4 357 43 441 1.26 3.86 1.20 3.43 1.32 4.24 1.26 3.80
30 6 463 57 622 1.17 3.86 1.11 3.43 1.22 4.23 1.16 3.80
30 I 561 70 801 1.10 3.85 1.05 3.42 1.15 4.23 1.09 3.80
30 10 663 83 988 1.05 3.85 1.00 3.42 1.10 4.23 1.05 3.80
30 12 765 95 1 179 1.02 3.86 0.97 3.43 1.06 4.23 1.01 3.80
60 4 1144 108 1531 1.1 1 3.96 1.06 3.49 1.15 4.27 1.09 3.80
60 6 1442 142 2084 1.04 3.95 0.99 3.48 1.07 4.27 1.02 3.81
60 I 1716 173 2622 0.99 3.94 0.94 3.48 1.02 4.27 0.97 3.81
60 10 201 1 204 3197 0.95 3.94 0.90 3.48 0.98 4.27 0.93 3.81
60 12 2312 234 3786 0.92 3.94 0.87 3.47 0.95 4.26 0.91 3.80
90 4 2506 197 3249 1.1 1 3.97 1.05 3.47 1.14 4.23 1.08 3.74
90 6 3071 253 4237 1.05 3.97 1.00 3.48 1.08 4.25 1.03 3.76
90 I 3590 306 5192 1.01 3.97 0.96 3.49 1.04 4.26 0.99 3.78
90 10 4162 360 6229 0.98 3.97 0.93 3.48 1.01 4.25 0.96 3.77
90 12 4750 414 7300 0.95 3.96 0.90 3.48 0.98 4.24 0.93 3.76
120 4 4557 314 5786 1.11 3.93 1.05 3.42 1.13 4.15 1.08 3.64
120 6 5455 393 7275 1.06 3.97 1.01 3.46 1.09 4.20 1.04 3.70
120 I 6277 469 8705 1.03 3.98 0.98 3.48 1.06 4.23 1.00 3.73
120 10 71 98 549 10281 1.00 3.98 0.95 3.48 1.03 4.23 0.98 3.73
120 12 81 52 629 1 1917 0.98 3.97 0.93 3.47 1.01 4.22 0.96 3.73
200 4 11826 733 1 5323 1.07 3.88 1.01 3.35 1.08 4.05 1.03 3.53
200 6 1 3928 885 1 8840 1.03 3.94 0.98 3.42 1.05 4.1 3 1.00 3.61
200 I 1 5848 1 036 22195 1.00 3.98 0.95 3.46 1.02 4.17 0.97 3.66
200 10 1 8059 1204 25956 0.98 3.98 0.93 3.46 1.00 4.18 0.95 3.66
200 12 20975 1382 29880 0.96 3.97 0.91 3.45 0.98 4.17 0.93 3.66
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Table F-8. Reliability Indices and Resistance Ratios for LRFD Code,
Simple Span Shears in Steel Girder Bridges.

Jlrqr Space Load R(HS20) Q = 0.95 0 = 1.00 0 = 0.95 0 = 1.00

(ft) (fr) Effect (k-f r) T= 1.6 T= 1.6 T= 1.7 ï= r.7

mQ o I 0 I D Í ß Í ß

30 4 49 7 73 1.09 3.96 1.04 3.62 1.15 4.28 1.09 3.94
30 6 63 9 103 1.01 3.96 0.96 3.62 1.06 4.28 1.01 3.95
30 I 77 11 134 0.94 3.97 0.89 3.63 0.99 4.29 0.94 3.95
30 10 92 12 162 0.92 3.97 0.88 3.63 0.97 4.29 0.92 3.95
30 '12 106 14 193 0.90 3.97 0.85 3.63 0.94 4.29 0.89 3.95
60 4 73 I 96 1.22 4.05 1.16 3.70 1.28 4.35 1.22 4.01

60 6 96 12 137 1.13 4.05 1.07 3.71 1.18 4.35 1.12 4.01

60 8 118 14 180 1.06 4.06 1.01 3.71 1.11 4.35 1.05 4.01

60 10 142 17 220 1.03 4.06 0.98 3.71 1.08 4.35 1.02 4.01

60 12 166 19 264 1.00 4.06 0.95 3.71 1.04 4.35 0.99 4.00
90 4 103 11 122 1.29 3.89 1.23 3.53 1.35 4.16 1.28 3.81

90 6 133 15 169 1.21 3.89 1.15 3.54 1.26 4.17 1.20 3.81

90 I 161 18 216 1 .15 3.90 1.09 3.54 1.20 4.17 1 .14 3.82
90 10 192 21 263 1.12 3.90 1.06 3.54 1.16 4.17 1.10 3.81

90 12 223 24 314 1.09 3.90 1.03 3.54 1.13 4.16 1.07 3.81

120 4 124 12 143 1.34 4.08 1.27 3.72 1.39 4.33 1.32 3.98
120 6 162 16 198 1.26 4.08 1.20 3.72 1.31 4.33 1.25 3.98
120 I 196 19 251 1.21 4.09 1.15 3.73 1.25 4.34 1.19 3.98
120 10 232 23 304 1.18 4.08 1.12 3.72 1.22 4.33 1.16 3.98
120 12 271 26 363 1.15 4.07 1.09 3.71 1.19 4.32 1 .13 3.96
200 4 208 16 246 1.27 4.17 1.21 3.80 1.31 4.37 1.25 4.00

200 6 267 21 333 1.21 4.17 1.15 3.80 1.25 4.37 1.18 4.01

200 I 323 25 417 1.17 4.18 1.11 3.81 1.20 4.38 I .14 4.02

200 10 384 30 510 1 .14 4.17 1.08 3.80 1.17 4.37 1.1 1 4.01

200 12 447 35 604 1.11 4.16 1.06 3.78 1 .14 4.35 1.09 3.99
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Table F-9. Reliability Indic_es and Resistance Ratios for LRFD Code,
Simple Span Shears in Reinforced Concrete T-Beam Bridges.

Span Load R(HS2o) 0 = 0.90 0 = 0.95 0 = 0.90 0 = 0.95

(ft) (fr) Effect (k-ft)
a

1.6 T=1.6 T= 1.7 T= l-7
mQ o Í 0 r ß Í 0 f ß

30 4 54 7 78 1.16 3.65 1.10 3.38 1.21 3.87 1.15 3.61
30 6 69 9 107 1.08 3.66 1.03 3.39 1 .14 3.88 1.08 3.62
30 I 83 11 139 1.01 3.66 0.96 3.39 1.06 3.89 1.01 3.63
30 10 97 13 165 0.99 3.67 0.94 3.40 1.04 3.89 0.99 3.63
30 12 116 14 201 0.97 3.65 0.92 3.38 1.01 3.87 0.96 3.61
60 4 85 10 110 1.28 3.65 1.21 3.38 1.33 3.85 1.26 3.58
60 6 113 12 156 1.19 3.64 1.13 3.37 1.24 3.84 1.17 3.57
60 I 135 15 197 1.13 3.66 1.07 3.38 1.18 3.85 1.11 3.59
60 10 160 18 240 1.10 3.65 1.04 3.38 1.15 3.85 1.09 3.58
60 12 186 20 285 1.07 3.65 1.01 3.37 1.11 3.84 1.05 3.57
90 4 131 13 155 1.31 3.44 1.24 3.15 1.35 3.60 1.28 3.33
90 þ 165 16 206 1.25 3.46 1.18 3.17 1.29 3.63 1.22 3.35
90 8 194 19 253 1.20 3.48 1 .14 3.20 1.24 3.65 1.18 3.38
90 10 229 23 305 1.18 3.48 1.1 1 3.20 1.22 3.65 1.15 3.37
90 12 265 26 362 1.15 3.47 1.09 3.19 1.19 3.64 1.12 3.37
120 4 169 15 197 1.33 3.47 1.26 3.18 1.37 3.62 1.29 3.34
120 6 210 19 254 1.28 3.50 1.22 3.22 1.32 3.65 1.25 3.37
120 I 250 23 314 1.24 3.52 1.18 3.23 1.28 3.67 1.21 3.39
120 10 295 27 378 1.22 3.51 1.16 3.23 1.26 3.67 1.19 3.39
120 12 343 31 448 1.20 3.51 1.13 3.22 1.23 3.65 17 3.38
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Table F-lO. Reliability Indices and Resistance Ratios for LRFD Code,
Simple Span Shears in Prestressed Concrete Girder Bridges.

Span Load R(HS20) Q = 0.90 0 = 0.95 0 = 0.90 Q = 0.95

(fr) (ft) Etfect (k-fr) T= 1.6 T_ 1.6 T= 1.7 T- 1.7

mQ o I Ê I 0 I 0 Í 0

30 4 53 7 79 1 .17 3.78 1.10 3.49 1.22 4.03 1.16 3.74
30 6 68 9 109 1.08 3.79 1.03 3.50 1 .14 4.03 1.08 3.75
30 I 82 11 140 1 .01 3.79 0.96 3.50 1.06 4.O4 1.01 3.75
30 10 96 12 168 0.99 3.79 0.94 3.50 1.04 4.03 0.99 3.75
30 12 111 14 199 0.96 3.79 0.91 3.50 1.01 4.03 0.96 3.75
60 4 88 9 115 1.26 3.72 1.19 3.42 1.31 3.94 1.24 3.64
60 b 110 12 155 1.18 3.73 1 .12 3.44 1.23 3.95 1.16 3.66
60 I 131 14 196 1 .12 3.7 4 1.06 3.44 1.16 3.96 1.10 3.67
60 10 153 17 235 1.09 3.74 1.03 3.44 1.13 3.96 1.07 3.67
60 12 176 19 277 1.06 3.74 1.00 3.44 1.10 3.95 1.04 3.66
90 4 129 12 155 1.29 3.51 1.22 3.19 1.33 3.69 1.26 3.38
90 6 158 15 200 1.23 3.52 1.17 3.21 1.27 3.71 1.21 3.41
90 I 185 18 246 1.18 3.53 1 .12 3.22 1.22 3.72 1.16 3.42
90 10 215 21 292 1.16 3.53 1.10 3.22 1.20 3.73 1.14 3.42
90 12 245 24 342 1.13 3.53 1.07 3.22 1.17 3.72 1.11 3.42
120 4 171 13 202 1.29 3.53 1.23 3.22 1.33 3.69 1.26 3.38
120 6 205 17 253 1.26 3.56 1.19 3.25 1.29 3.73 1.23 3.42
120 I 237 20 303 1.22 3.58 1 .16 3.27 1.26 3.75 1.19 3.4 5

120 10 273 23 355 1.20 3.59 1 .14 3.28 1.24 3.76 1.17 3.46
120 12 309 27 410 1.18 3.59 1.11 3.28 1.21 3.76 1.15 3.46
200 4 262 18 315 1.25 3.49 1.19 3.17 1.28 3.62 1.21 3.30
200 6 311 22 389 1.22 3.53 1.15 3.21 1.25 3.67 1.18 3.35
200 I 357 26 460 1.19 3.55 '1.12 3.24 1.22 3.70 1.15 3.39
200 10 408 31 539 1.16 3.56 1.10 3.25 1.19 3.71 1.13 3.40
200 12 460 35 621 1 .14 3.56 1.08 3.25 1.17 3.7',| 1.11 3.40
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The Transportation Research Board is a unit ofthe National Research Council, which serves the
National Academy of Sciences and the National Academy of Engineering. The Board's mission is
to promote innovation and progress in transportation by stimulating and conducting research, fäcil-
itating the dissemination of information, and encouraging the implementation of research results.
The Board's varied activities annually draw on approximately 4,000 engineers, scientists, and other
transportation researchers and practitioners from the public and private sectors and academia, all of
whom contribute their expertise in the public interest. The program is supported by state trans-
portation departments, federal agencies including the component administrations of the U.S. Depalt-
ment of Transportation, and other organizations and individuals interested in the development
of transportation.

The National Academy of Sciences is a private, nonprofrt, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance of sci-
ence and technology and to their use for the general welfare. Upon the authority ofthe charter granted
to it by the Congress in 1863, the Academy has a mandate that requires it to advise the federal gov-
ernment on scientifrc and technical matters. Dr. Bruce M. Alberts is president of the National Acad-
emy of Sciences.

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

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

The Nationai Research Council was organized by the National Academy of Sciences in 1916 to
associate the broad community of science and technology with the Academy's purpose of furthering
knowledge and advising the federal government. Functioning in accordance with general policies
determined by the Academy, the Council has become the principal operating agency of both the
National Academy of Sciences and the National Academy of Engineering in providing services to the
government, the public, and the scientific and engineering communities. The Council is administered
jointly by both the Academies and the Institute of Medicine. Dr. Bruce M. Alberts and Dr. V/illiam
A. Wulf are chairman and vice chairman, respectively, of the National Resea¡ch Council.

Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highn'ay Officials
AASHTO American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engìneers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration
FHWA FederalHighu'ayAdministration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ITE InstituteofTransportationEngineers
NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board
U.S.DOT United States Department of Transportation




