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FOREWORD

By David B. Beal

Staff Officer
Transportation Research
Board

This report contains the findings of research performed to develop expressions for
the effective slab width of composite steel bridge members. Recommended specifica-
tions and commentary and examples illustrating the application of the specifications
were also developed. The material in this report will be of immediate interest to bridge
designers.

The determination of the section properties of composite steel bridge members is
influenced by the effective slab width assumed in their calculation. These section prop-
erties include the stiffness, which is used to determine the distribution of forces in the
structure, and the section modulus, which is used to determine the stresses induced in
the member by these forces. As such, the determination of effective slab width directly
affects the computed moments, shears, torques, and deflections for the composite sec-
tion and also affects the proportions of the steel section and the number of shear con-
nectors required. The effective slab width is particularly important for serviceability
checks, which often can govern the design.

In AASHTO bridge design specifications, the slab width effective for composite
action for all types of bridge superstructures, except for segmental concrete structures,
is specified as the least of (1) 12 times the least thickness of the deck plus one-half the
top flange width, (2) one-fourth the span length of the girder, or (3) the girder spacing.
For girder spacings 8 feet or less, the effective width computed according to this pro-
vision generally includes all of the deck. With the ever-increasing use of wider girder
spacing, the contribution of the additional width of deck is not fully recognized. The
AASHTO Guide Specifications for Segmental Concrete Bridges recognize the entire
deck width to be effective unless shear lag adjustments become necessary. Field mea-
surements of modern composite steel bridges indicate that recognition of more of the
concrete deck often is necessary to better correlate actual with calculated deflections.

The objective of this research was to develop recommended revisions to the
AASHTO specifications for the effective slab width of composite steel bridge mem-
bers. The recommended specifications are applicable to all types of composite steel
bridge superstructures and are suitable for design office use. This research was per-
formed by the State University of New York at Buffalo. The report fully documents the
research leading to the recommendations to increase the effective slab width estimates
for composite steel bridge members. Accompanying CRP-CD-56 contains extensive
supporting information, including the recommended specifications and design exam-
ples. AASHTO is expected to consider these recommendations for adoption in 2006.
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SUMMARY

EFFECTIVE SLAB WIDTH FOR COMPOSITE

STEEL BRIDGE MEMBERS

The objectives of this work were to (1) propose criteria for effective width and
recommended specifications and commentary for effective width and (2) provide
worked examples illustrating the use of those proposed new criteria. The principal
focus was common slab-on-girder configurations.

A new definition for effective width that accounts for the variation of bending stresses
through the deck thickness has been needed. A finite element modeling approach was
developed, corroborated with experimental data by others and by the authors, and applied
to a suite of bridges designed according to industry guidelines. Effective widths accord-
ing to the new definition were extracted from this finite element parametric study of the
suite of bridges. Principal findings from the parametric study were as follows: (1) full
width was typically acting “at cross sections where it is most needed,” i.e., where
moments and hence performance ratios would be highest, and (2) where the effective
width was less than full width at such cross sections, that cross section had consider-
able excess flexural capacity.

Draft criteria for effective width were developed by applying regression approaches
in order to account for different subsets of the parameters varied in the extensive para-
metric study of bridge finite element models. The effects of those criteria were assessed
using the Rating Factor (RF) as the measure of impact. Based on the impact assess-
ment, draft criteria based on using the full physical slab width were recommended and
illustrated in the context of positive and negative moment region worked examples.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 PROBLEM STATEMENT AND PROJECT
OBJECTIVES

The phenomenon of shear lag is shown in Figure 1a. Shear
lag can result in underestimating the deflections and stresses
at the web-flange intersections of a girder in calculations
based on line-girder analysis and the elementary theory of
bending, which assumes that plane cross sections remain
plane. It is traditional to obtain correct values of maximum
deflection or stress from the elementary theory by using an
effective slab width concept in which the actual width of each
flange is replaced by an appropriate reduced (“effective”)
width (Moffatt and Dowling, 1978; ASCE, 1979; Garcia and
Daniels, 1971), labeled b, in Figure 1b. The determination
of effective slab width directly affects the computed moments,
shears, torques, and deflections for the composite section and
also affects the proportions of the steel section and the num-
ber of shear connectors required. The effective slab width is
thought to be particularly important for serviceability checks
(e.g., fatigue, overload, and deflection), which can often gov-
ern the design.

Figure 2 summarizes the various influences that the effec-
tive width b,; has in the design and rating of a composite
beam. Both sides of the basic LRFD methodology, Zny,0; <
OR,, are influenced by the effective width for all limit states
involving flexure of a slab-on-girder composite beam. Thus
it is not possible by inspection to determine the net effect of
any proposed change to effective width for a given bridge, let
alone for a suite of bridges. A systematic parametric study is
necessary. Just such a study is at the heart of the research
results presented herein.

In AASHTO bridge design specifications (AASHTO,
2004), the effective slab width for interior girders of all types
of composite bridge superstructures, except for orthotropic
deck and segmental concrete structures, is specified as the
least of the following: (1) one-quarter of the effective span
length, (2) 12.0 times the average depth of the slab plus the
greater of web thickness or one-half the top flange width, and
(3) the average spacing of adjacent beams. These criteria cur-
rently apply to all types of composite interior and exterior
steel bridge members with any combination of the following:

¢ Conventional or High-Performance Steel Girder System:
— Tub-girder
— Two-girder system

— Conventional multi-girder system
e Deck System:

— Conventional Cast-in-Place
* Conventional concrete (e.g., f/=21 MPaor 28 MPa)
* High-Performance Concrete (HPC)

— Prestressed, either constant depth or variable depth,
and often prestressed longitudinally as well as trans-
versely, on potentially very wide girder spacings

e Alignment:
— Right
— Skew
e Span Location:

— Positive Moment Region

— Negative Moment Regions considered composite
where sufficient shear studs and longitudinal rein-
forcing steel are supplied

e Applicable Limit State, e.g.,
— Service II and Fatigue (elastic), and
— Strength I and perhaps Strength II (possibly inelastic).

For girder spacings 2.4 m (8 ft) or less, the effective width
computed according to the current AASHTO provisions gen-
erally includes all of the deck. With the increasing use of
wider girder spacing, however, the contribution of the addi-
tional width of deck is not fully recognized by the current cri-
teria. The AASHTO Guide Specifications for Segmental Con-
crete Bridges recognize the entire deck width to be effective,
unless shear lag adjustments become necessary. Field mea-
surements of modern composite steel bridges indicate that
recognition of more of the concrete deck is often necessary
to better correlate actual with calculated deflections.

The above criteria apply to all types of composite interior
and exterior steel bridge members. In addition to their com-
mon use on multi-girder bridges, composite deck systems
can participate structurally with tied arches or cable-stayed
bridges. Thus, the effective width of the slab may well differ
among some of these cases from more conventional multi-
stringer I-girder bridges. The effective width of decks using
high-strength concrete may also be affected by the larger
elastic and shear moduli of the concrete. Distinctions for the
effective width of slab to be used may be needed

e In positive and negative bending,
e Atthe AASHTO serviceability and strength limit states,
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Figure 1.  Effective width for the positive moment section.

e Considering both conventionally reinforced and pre-
stressed decks.

In accordance with the NCHRP 12-58 Project Statement,
the objectives of the research undertaken were to investigate
both new and existing approaches for effective slab width
and to develop and validate the most promising of these. The
research products consist of criteria, recommended specifi-
cations and commentary, and worked examples addressing
applicable AASHTO LRFD limit states in AASHTO LRFD
format.

1.2 RESEARCH TASKS

The set of research tasks in the original solicitation for the
NCHRP Project 12-58 investigation was augmented to incor-
porate the following:

Factored

Applied
Moment \
M,

Moment on Composite Horizontal
Bending Section My, Mpca, Mpw She;);l"lz"?;nislfer
Stress f, (Stiffness Attracts Load in Vo
Continuous Spans) N
\ 4
Moment
Compressive of Inertia -
Stresfin Web I First Moment for
f Horizontal Shear
cw Q
Plastic Effective Depth of
Moment Width Compressive
M, beg Portion of Web
D.
Limiting
Web Stress
Y Fery \ Y
Nominal Compactness
D,
Flexural 4_/ of Web -
Resistance
M, F,

Figure 2. Design parameters influenced by effective
width.

e Conduct experimental investigations of scale-model slab-
on-girder bridge structures to complement the finite
element-based parametric study,

e Conduct several analysis cases of cable-stayed bridges,

e Explore impacts of proposed changes to effective width
code provisions (“Process 12-507),

e Analyze additional cases required by the DOE (Design
of Experiments) approach that were not contained in the
original scope of work,

e Analyze a few prestressed concrete girder cases to
investigate whether changes proposed for effective slab
width in composite steel bridge members could reason-
ably be applied to bridges supported by prestressed con-
crete girders, and

e Revise the MathCad worksheets developed for use in
presenting illustrative design examples to reflect the
substantive changes to S6.10 and S6.11 in the 3rd Edi-
tion AASHTO LRFD code, published in 2004.

The resulting amended task descriptions were as follows:

Task 1. Review domestic and foreign field and laboratory
test results, analytical studies, and specifications regarding
the effective slab widths for all types of steel and concrete
composite structures.

Task 2. Using the findings from Task 1, summarize applic-
able methodologies for determining the effective slab width

Copyright National Academy of Sciences. All rights reserved.
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for different types of composite steel bridge superstructures
typical of those in use today. As a minimum, I-girder and tub-
girder cross-sections should be considered. Both interior and
exterior girders should be considered. Composite floor sys-
tems that participate structurally with tied arches, cable-stayed
bridges, and deck or through trusses should also be consid-
ered, along with variable- or constant-depth composite, pre-
cast post-tensioned decks. Consider the effects of the larger
elastic and shear moduli of high-strength deck concrete on
the computed effective width.

Task 3. Prepare an interim report documenting the find-
ings from Tasks 1 and 2. Provide practical recommenda-
tions for promising methodologies to determine effective
slab width that can be further developed and validated. Pre-
pare an expanded work plan for the remainder of the project
describing the type of investigations needed to develop and
validate the recommended methodologies.

Task 4. Develop and validate the methodologies for deter-
mining effective slab width using finite element analysis.

Task 5. Verify the finite element analysis through a program
of laboratory testing of reduced scale structures as approved
by the project panel.

Task 6. Perform parametric studies of different composite
steel-bridge superstructure configurations using the current
provisions of the AASHTO LRFD Bridge Design Specifica-
tions and the proposed effective-width criteria. At least 100
cases shall be considered. In addition, a limited set of concrete
girders should be investigated to determine the applicability of
the criteria and several cable-stayed bridges designed by oth-
ers shall be investigated for axial and flexural effective width.

Task 7. Propose recommended revisions to the specifica-
tions and provide design examples demonstrating their use.
For each case considered, develop suggested general guide-
lines for designing the slab reinforcement and shear connec-
tors to transfer the calculated shear forces effectively between
the girder and slab at each limit state. The design examples
shall conform to the provisions of the 2004 AASHTO LRFD
Specifications.

Task 8. Perform impact testing to compare rating factors
resulting from the recommended revisions with those of the
LRFD Specifications. The method for impact testing devel-
oped in NCHRP Project 12-50 is recommended.

Task 9. Submit a final report documenting the entire
research effort. The recommended specifications shall be
provided in an appendix to the report and must be in a format
suitable for consideration by the AASHTO Highway Sub-
committee on Bridges and Structures.

1.3 RESEARCH APPROACH

Key specific aspects of the above research tasks are further
described below. Tasks 1 through 3 involved not only an
extensive literature review of both analytical and experi-
mental explorations of effective slab width and associated
slab-on-girder bridge studies but also a survey of effective

slab width criteria and maximum girder spacings used by the
various states, documented in Appendix A (provided on the
accompanying CD-ROM). In addition, international prac-
tice was surveyed and the various effective width provisions
compared. The literature review is contained in Appendix B
(provided on the accompanying CD-ROM).

Task 4 involved an implementation of finite element mod-
eling techniques at an appropriate level of detail to predict
both linear and nonlinear (post-cracking and post-yielding)
behavior of composite steel bridge member superstructures.
In order to determine what level of detail was appropriate,
an extensive review of the shear lag phenomenon and effec-
tive width definitions was conducted along with new defi-
nitions for effective width b,; developed herein. The details
of this review and the new definitions are contained in
Appendix C (provided on the accompanying CD-ROM),
while the finite element modeling and the verifications
thereof are described in detail in Appendix D (provided on
the accompanying CD-ROM).

Task 5, laboratory testing, was conducted of a two-span con-
tinuous one-quarter-scale slab-on-girder bridge structure and is
documented in Appendix E (provided on the accompanying
CD-ROM). Testing of two one-half-scale subassemblages of
the negative moment region portion of such structures is doc-
umented in Appendix F (provided on the accompanying CD-
ROM). These experiments were used to help establish the cred-
ibility of the finite element modeling approaches developed in
Task 4 so that these approaches could be used for parametric
studies of various bridge configurations in Task 6.

Task 6 pursued a systematic set of analyses of finite element
models representing bridges with various span lengths (15 m
to 60 m), girder spacings (2.4 m to 4.8 m), skew angles (0 to
60 deg), and (in the cases of continuous bridges) span length
ratios (from 1.0 to 1.5). Both single-span and three-span con-
tinuous configurations were the focus of the systematic set.
The set was assembled using “design of experiments” (DOE)
concepts (Montgomery, 2001). Effective width according to
the new definitions developed in Task 4 was extracted from the
finite element analysis results considering both interior and
exterior girders, service and strength limit states, positive and
negative moment regions, and both right and skew alignments.
Details of the “design of experiments” background, the finite
element modeling, and the suite of bridges analyzed in the
parametric study along with the analysis results are presented
in Appendix G (provided on the accompanying CD-ROM).
The bridges modeled in this parametric investigation
needed to be designed first. Industry guidelines were carefully
followed in the design of these bridges. These guidelines and
the resulting bridge parameters (e.g., girder sizes) are
described in further detail in Appendix H (provided on the
accompanying CD-ROM).

In addition to the parametric study set of bridges, various
bridge configurations that go beyond the parametric limits were
investigated. These included some of cable-stayed bridges,
described in Appendix I (provided on the accompanying
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CD-ROM). Other bridges beyond the parametric limits include
a limited number of prestressed-concrete bridges, two-girder
bridges with girders spaced as widely as 7.6 m, tub-girder,
hybrid, and prestressed-slab bridges. Finite element analy-
sis results for these “validation cases” are documented in
Appendix J (provided on the accompanying CD-ROM).

Task 7 involved the development of curve-fit expressions
for predicting effective width based on the results of the finite
element analyses. Development and comparison of various
such curve-fit expressions are documented in Appendix K
(provided on the accompanying CD-ROM).

Task 8 addressed evaluating the impact of these candidate
b, expressions as compared with the current AASHTO pro-
visions. The basis for this evaluation of impact was taken to
be the Rating Factor, considering both service and strength
limit states, and was documented in Appendix L (provided
on the accompanying CD-ROM). The culmination of this
effort was the draft code and commentary language for pro-
posed new effective width provisions, which were docu-
mented along with their underlying rationale in Appendix M
(provided in print herein and on the accompanying CD-ROM).

Appendix N (provided on the accompanying CD-ROM)
contains information about the finite element modeling of the
prestressed girder bridge structures investigated in this study,
while Appendix O (provided in print herein and on the accom-
panying CD-ROM) presents worked design examples illus-
trating the use of the new proposed provisions for effective
slab width.

The scope of the investigation excludes consideration of
the following:

e Horizontally curved bridges, for which a system analy-
sis is recommended instead of a line-girder approach for
which effective width is traditionally applied;

e Segmental bridges; and

e Tied-arch bridges, with net tension added to flexure on
the cross section.

1.4 ORGANIZATION OF THIS REPORT

This report consists of four chapters as well as the afore-
mentioned appendixes (provided on CRP-CD-56). This chap-
ter provides the introduction and research approach, describes
the research objectives, and outlines the scope of the study.
Chapter 2 describes the findings of the survey and literature
review, new definitions for effective width, verifications of
the FEM (Finite Element Method) modeling approaches
employed, highlights of results from the FEM-based para-
metric study, and insights from the experiments performed.
Chapter 3 summarizes the development of candidate design
criteria and impact assessment of these criteria using a straight-
forward application of Process 12-50 to show that the subtle
differences among the various possible curve-fit expressions
are, for all practical purposes, negligible. This observation
leads to a recommendation of simplified design criteria for
effective width. Highlights of the worked example illustrat-
ing the use of these simplified design criteria are summa-
rized. Chapter 4 then summarizes the conclusions of this
study and presents suggestions for future research.
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CHAPTER 2
FINDINGS

This chapter is organized as follows. The survey sent to
gather information from various bridge-owning jurisdictions
is described. Insights from the literature review that are par-
ticularly relevant to study of effective width are summarized,
including comparison of several codes in use on the interna-
tional scene. New definitions of effective width developed
in this research are summarized, as are verifications of the
finite element modeling approach employed. The Finite Ele-
ment Method (FEM) based parametric study is at the heart
of the research conducted herein, and its principal features
and results are summarized along with those of “special case”
bridges, which are beyond the limits of the parametric study.
Key experimental results and their role in corroborating the
FEM-based parametric study are provided as well.

2.1 SURVEY AND LITERATURE REVIEW
FINDINGS

2.1.1 Survey Results

A survey was distributed in the summer of 2001 to the state
bridge engineers and TRB representatives in all 50 states.
Replies were received from approximately 40 of these states.
The replies are tallied in Appendix A along with a copy of
the survey form itself. Replies indicate no leads regarding
other studies investigating effective slab width. A few replies
indicate a few recently constructed bridges with large girder
spacings. Where maximum girder spacing policies are explic-
itly stated, they are generally conservative, with a 3 to 3.6 m
(10 to 12 ft) limit being common. In some cases, the stated
reason for this limit is to facilitate eventual deck replacement.
Where more liberal limits are stated, those limits are based on,
for example, maximum spans of stay-in-place forms (approx-
imately 4.6 m = 15 ft) or maximum girder spacings allowed
for the use of empirical deck design (4.1 m = 13.5 ft).

Personal contacts in Europe (Switzerland, France, and the
U.K.) and Japan were consulted. European and Japanese lim-
its on girder spacing are more liberal than those in the United
States, as described later in this chapter. In Japan, for exam-
ple, girder spacings are permitted up to 6 m when supporting
prestressed decks (although no known field test results on
bridges with girder spacings larger than 3 m are available).

The literature review confirmed the need to examine neg-
ative moment regions specifically, given the little previous
research on the subject. Criteria originally developed for the
positive moment region were co-opted for use in the negative
moment region without explicit study of the unique aspects
of negative moment region behavior as regards effective
width. This is a key reason for the negative moment region
subassemblage experiments described later in this chapter
and in Appendix F.

2.1.2 Comparisons of International Code
Provisions for Effective Width

Other findings of interest from the literature review con-
cerned the various codes and specifications for effective width
in use internationally (Ahn et al., 2004). Figure 3 shows a
comparison of various international codes in graph form,
while Table 1 provides a complementary view of the simi-
larities and differences of these codes. Most have a limitation
on effective width based on span length. Given that a span
length parameter is present, the notion of “effective span
length” was invented to enable such criteria originally devel-
oped for positive moment regions to be co-opted for appli-
cation in negative moment regions. This redefinition of span
length is one example of issues that have arisen in applying
positive moment criteria to a region where those criteria were
not originally even intended to apply. Figure 4 shows how
several international codes define the notion of “effective
span length.”

The historical review presented in Appendix B and Appen-
dix C indicates that the 12t limitation in the AASHTO effec-
tive width formulation (AASHTO LRFD S4.6.2.6, AASHTO
Standard Specs 10.38.3.1) has been in AASHTO (then
AASHO) since the 1940s, the early days of composite beams.
Even that formulation is based on empirical research pub-
lished in the World War I era—Ilong predating composite
beams. That research was for reinforced concrete T-beams,
not steel beams with composite concrete decks. Also in those
days, highway vehicle loads were small, bridge decks were
not mandated to be a minimum of 175 mm (7 in.) thick, and
bridge floor systems had closely spaced longitudinal stringers.
Design and construction practices obviously have changed
significantly since then. For example, almost all international
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Figure 3.  Effective flange width of simply-supported
span.

building and bridge codes for steel-concrete composite beam
members in the last few decades have departed from any kind
of thickness limitation in their effective slab width formula-
tions. These various considerations taken together suggest
that the 12t limitation in the current AASHTO provisions for
effective width can be liberalized.

The research team is not advocating a blind copycat
approach. The background for the various international code
provisions typically consists primarily of parametric analytical
work that most recently is finite element based. Little compan-

TABLE 1 Comparison of provisions

ion experimental work is cited by these codes to accompany
the analytical background. The limited test data points to the
desirability of experimental verification of analytical results.

Table 1 highlights the various parameters that have some
influence on effective width. In general, there is a tradeoff
between accuracy and simplicity. For example, the value of
effective width depends on whether the applied loading is dis-
tributed or concentrated—but only the British and Japanese
codes recognize this distinction. Another example is whether
distinct values of effective width are to be used depending on
whether service or ultimate loading is applied—here only the
British code and Eurocode recognize the distinction.

The review of design criteria presented above brought
to light several distinct philosophies underlying the various
effective width code formulations being used internationally,
ranging from simple (e.g., Canada, which presumes line-girder
analysis) to relatively complex (e.g., the British BS 5400,
which does not presume line-girder analysis and which also
distinguishes between point loads and distributed loads). As
one might expect, there is a tradeoff between simplicity and
accuracy—especially when the full spectrum of possibilities
must be accommodated even within the context of line-girder
analysis (e.g., interior and exterior girders, positive and nega-
tive moment regions, linear and nonlinear realms of behavior,
box and I-girders, and absence or presence of axial load, the
latter being the case for cable-stayed and tied-arch structures).

2.1.3 Other Aspects of the Literature Review

Detailed description of the literature review is provided
in Appendix B. Much of the classical literature in this area

b, Provisions

AASHTO BS 5400 Canadian Japanese Eurocode 4

Distinguish UDL vs. Point Load N Y* N Y® N
Distinguish Exterior vs. Interior Girder Y Y N N N
Expressed as One-Sided N Y Y* Y Y¢
Distinguish M(+) region from M(-) region N Y N Y N
Distinguish I Girder from Box Girder Y¢ N N NA NA
Distinguish Strength (Ultimate) vs. Service N Y© N N Y!

Value Modified at Supports N Y N N Y

Value Modified for Concrete Cracking N Y N N Y

Y : considered N : not considered

NA : not applicable

*use UDL (Uniformly Distributed Load) case for highway bridges
" use PL case especially for internal supports of continuous girders
¢ effective flange width is divided into central part and side parts

4 use different provisions for concrete segmental box girder bridges

e
f

use effective flange width for service limit state, use full width for ultimate limit state
use effective flange width for service limit state

Copyright National Academy of Sciences. All rights reserved.
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Figure 4.  Effective span length ratios.

predates modern computer analysis. Assumptions need to be
made in order to make the closed-form analytical problem
tractable. With modern day approaches such as the Finite
Element Method, however, many of those classical assump-
tions do not need to be made. Nor do the same classical def-
initions of effective flange width need to be used.

2.2 NEW DEFINITION FOR EFFECTIVE WIDTH

The review of literature revealed that the classical defini-
tion of effective width was more suited to a stiffened plate
than to a composite girder-deck system undergoing flexure.
In the latter, the deck (plate) is sufficiently thick for stress
variation through the thickness to be an important considera-
tion. Thus, a new definition of effective width was developed.
The new definition (Chiewanichakorn et al., 2004) enforced
two conditions that the traditional definition does not:

e Enforce the same moment in the idealized Bernoulli-
Euler line girder as in the 3-D FEM slab-girder system
(the classical definition requires only the same force), and

¢ Enforce moment equilibrium as well as force equilibrium.

This new definition is applied according to the following
procedure in a positive moment section.

Step 1: Calculate total compressive force in the slab
Compute the total or resultant compressive force in the

slab by summing up all element forces in the slab using
Equation 1.

Couwp = 2.0, - Areaq,

1

Equation 1

n
i=

where

C,..p = total or resultant compressive force in the slab
o = element longitudinal stress
Area = element cross-sectional area
i = element number

Copyright National Academy of Sciences. All rights reserved.

Step 2: Define the centroidal location of the total compres-
sive force in the slab

Determine the vertical location of the resultant compres-
sive force using statics. The distance from the top of the slab
to this centroidal location is defined as z, (see Figure 1).

In order to enforce both assumptions, both Cy,,;, and z, must
remain unchanged.

Step 3: Determination of maximum longitudinal stress in
the slab

Extract the maximum longitudinal stress (G,,,) in the slab
directly from the finite element analysis results. For instance,
the maximum slab longitudinal stress is located at the extreme
compression fiber in the elastic response (see Figure 1).

Step 4: Calculate minimum longitudinal stress of the slab
The term “minimum longitudinal stress (G,,;,)” of the slab

in Figure 1 can also be described as an equivalent longitudi-
nal stress at the bottom of the slab. Because of a linear vari-
ation in the strain profile, simple beam theory assumes a lin-
ear variation in the stress profile for the elastic response, that
is, a trapezoidal shape.

In order to satisfy the two assumptions, the centroidal
location of the resultant compressive force must be the same
for both finite element analysis and simple beam theory.
With the pre-determined values of G,,,, and z,, compute the
minimum longitudinal stress (c,,;,) of the slab such that the
conditions of total force and resultant location are similar to
those obtained from finite element analysis.

Step 5: Computation of “‘effective slab width”

After the value of G,,, is obtained from Step 4, calculate
the equivalent compressive block (area of the trapezoid) and
determine the effective slab width using Equation 2:

Cslub _ Cslah

= Equation 2
A 05- tslab : (Gmax + 6min)

be.lf =

where

b= effective slab width
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Cy.. = total or resultant compressive force of the slab from

Equation 1
A = area of an equivalent compressive block for simple

beam theory

t,a = total structural slab thickness

O = Maximum compressive stress at the extreme com-
pression fiber of slab

G,.i» = Minimum compressive stress at the bottom of the slab

Elastic section properties such as second moment of iner-
tia (/) and elastic section modulus (S) can be determined
using the effective slab width (b,;). The maximum compres-
sive stress at the extreme compression fiber can be calculated
by simple beam theory using the total bending moment for
the specific section obtained from the finite element analysis
as shown in Equation 3:

M
G _ FEM

max, BeamTheory — S Equatlon 3

top,"’BeamTheory

where

O nax,“Beam Theory = INAXIMUM compressive stress at extreme
compression fiber
My = bending moment at the specific section
(Condition #1 holds)

S p.” ..
o I;'ehur_mp%_ e
il T;'rbur,bm f‘{/{

e~

Stop, Beam Theory = €lastic section modulus for the extreme
compression fiber

This procedure can require an iterative process, unless the
values of the maximum compressive stress at the extreme
compression fiber obtained from the simple beam theory
(Equation 3) are comparatively close to the extreme fiber
stresses resulting from the finite element analysis.

Initially developed with the positive moment region in mind
as shown in Figure 1 and illustrated above, the same princi-
ples were applied to the negative moment region as shown in
Figure 5. Further details of the derivation and resulting expres-
sions for effective width are provided in Appendix C. The
new definitions exploit the expressive power afforded by the
use of four layers of three-dimensional (3-D) brick finite ele-
ments through the deck thickness and “smeared” modeling
of the top and bottom mats of rebar in the deck.

2.3 FINITE ELEMENT MODELING
AND VERIFICATION

2.3.1 Finite Element Modeling

A suitable finite element modeling methodology was sys-
tematically established for use during the parametric study.

Oynax ~
Lita
(b) Rebar Tensile Stresses
{'}HFIL\' r
oy o
”m_‘__. i "l;'e'hﬂl"_rﬂpl ﬁ"!(t:
" s —— —— T |
[ . K 1 |
Tiial v Troat | slab_t
ki - 1 1 /
I} rebar_bot i
Girder 4
(¢) Combined Tensile Stresses :
(d) Detail

Figure 5. Effective width for the negative moment section.
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This methodology is outlined briefly in this section and doc-
umented more fully in Appendix D.

2.3.1.1 Structural Element Modeling

Solid (also known as continuum) elements were used in
ABAQUS to model both steel girder and concrete slab in this
research. The element type used is a 3-D eight-noded element
with a reduced integration formulation (element C3D8R).
Reduced integration provides accurate results while signifi-
cantly reducing computation time. Steel reinforcing bars in
the deck slab are modeled using the *REBAR function as a
smeared property in ABAQUS. The rebars in the 3-D con-
tinuum elements are thus defined as layers lying in surfaces
with respect to the isoparametrically mapped cube of the
3-D elements. The stiffness of the reinforcement layer is
superposed onto the stiffness of the continuum element in
which the rebar resides.

Slab: 8-Noded continuum element
with reduced-integration(C3D8R)

Shear Connector: JOINTC
Element with 3-DOF Spring
Stiffnesses

h?ﬂ

Rebar (Single) Rebar (Smeared)

Figure 6. Element modeling scheme employed.

The stud shear connector is modeled using a type of con-
nector element called a “Flexible Joint Element” or JOINTC
element. The JOINTC elements are composed of transla-
tional and rotational springs and parallel dashpots in a local,
rotational coordinate system. This type of element was used
to model the interaction between two nodes that are (almost)
coincident geometrically so that the second node of the joint
can displace and rotate slightly with respect to the first node.
The JOINTC elements that represent the stud shear connec-
tors consist of three nonlinear springs in each of the transla-
tional coordinate directions.

Figure 6 shows the finite element modeling scheme
employed.

2.3.1.2 Material Models

Concrete. The concrete model employed in this investiga-
tion is based on classical 3-D plasticity (ANATECH, 1997).

See Detailed Drawing

‘. Girder flanges and web:
/S—Nudcd continuum element

./ with reduced-integration(C3D8R)

Steel/Concrete
Interface:
JOINTC Element
with friction
properties

DETAILED DRAWING
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An advanced concrete model called ANAMAT takes into con-
sideration many critical aspects of concrete material behavior.
The ANAMAT concrete constitutive model is based on the
smearedcracking methodology developed by Rashid (1968)
and a Drucker-Prager modified J,-plasticity theory.

In the ANAMAT concrete model, a crack is a mechanism
that transforms the material behavior from isotropic to ortho-
tropic, where the material stiffness normal to the crack sur-
face becomes zero while the full stiffness parallel to the crack
is maintained. The cracks can follow independent histories. In
this smeared-crack model, a smooth crack should close and
all the material stiffness in the normal direction is recovered.

Given that crack surfaces are typically rough and irregu-
lar, ANAMAT takes into consideration the mechanism of
shear transfer in cracked concrete by retaining a reduced
shear modulus in the stress-strain matrix. Tension stiffening
of cracked concrete, which is the ability of cracked concrete
to share the tensile load with the reinforcement, is also con-
sidered in the ANAMAT concrete model. The addition of
tension stiffening to the smeared-crack model improves the
numerical stability of the solution. The ANAMAT concrete
material model was implemented using the UMAT subrou-
tine available in the general-purpose finite element program
ABAQUS.

Steel. The steel constitutive model used in the girders is based
on the incremental theory of plasticity in which the total plas-
tic strain is obtained by summing the plastic strain increments.
Ordinary reinforcing bars are modeled as elastic-perfectly
plastic. A bilinear stress-strain relationship is used. Because
of the monotonic nature of the loading, the reduction in the
yield stress of the steel due to cyclic loading, that is, the
Bauschinger effect, is not considered.

Steel-Concrete Interface (Shear Connectors). The shear
connection is modeled based on Oehlers and Coughlan (1986),
which proposed a simple mathematical formulation that incor-
porates the beneficial effects of friction. The shear connec-
tion is modeled using two orthogonal spring elements to sim-
ulate the shear stiffness of stud shear connectors between the
steel-concrete interface and the stiffness normal to the inter-
face. A bilinear rigid-elastic relationship is used to model the
steel-concrete interfacial behaviors of the composite bridge
girders, as described further in Appendix G.

2.3.1.3 Management of the Parametric Study

The pre-processing package called MSC/PATRAN is
employed with this modeling procedure. Hence, every model
will have the same level of consistency and accuracy in
terms of

e Node numbering,
e Element numbering and orientation, and
¢ Reinforcing steel location.

11

A procedure for post-processing was prepared in such a way
that all relevant information can be systematically extracted
from a large data file (.dat file from ABAQUS) and post-
processed in order to achieve the following:

e Comparing FEM and lab experimental results and
e Formulating the “Effective Flange Width” criteria.

For extracting the data from the .dat file, FORTRAN 77
routines were developed for the different data groups (i.e.,
Load vs. Displacement, Load vs. Girder Strain, Load vs.
Concrete Strain, and Load vs. Rebar Strains).

Before starting the parametric study, systematic studies
were performed to verify the correctness of the behavior of
the material models, geometric and boundary condition mod-
eling in both the linear (elastic) and nonlinear (inelastic-
cracking and crushing) realms of material behavior. Initially,
other researchers’ results on steel-concrete composite bridges
were used for this purpose, as documented in further detail in
Appendix D. Appendix D also includes further specifics about
the material models and other aspects of the finite element for-
mulations and modeling.

2.3.1.4 A Question about Barriers

Another FEM modeling question that arises regards barri-
ers that may be cast with the deck. A study of the barrier effect
under the applied load on the exterior girder was divided
into three parts: (1) load-displacement, (2) strain profile,
and (3) effective slab width. The purpose of this study was to
evaluate the significance of the barrier on the structural behav-
ior and to determine whether it can be ignored. Three differ-
ent barrier-modeling schemes were considered:

e Beam clement,
¢ Solid element, and
e No-barrier.

A typical “New Jersey Barrier” used in the OPIS software
was used. Section properties of the barrier were computed
and used in the finite element modeling.

From this investigation, it was concluded that the barriers
in the parametric study cases can be ignored for the follow-
ing reasons:

e By not considering barriers, shear-lag would be more
pronounced. Hence, the effective slab width would be
smaller, which is more conservative.

e Practically, barriers are sometimes placed after the con-
crete is poured and cured without connecting to the slab
or with expansion joints that eliminate full continuity.
Therefore, they should not always be considered as struc-
tural components for design and rating purposes. It is for
these purposes, after all, that effective width will be used.
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2.3.2 Verification Based on Experiments
by Others

The finite element modeling scheme described above was
verified for use in conducting the parametric study by com-
paring the results obtained from ABAQUS/ANAMAT with
those of full-scale and model-scale laboratory experimental
results by others. These included a full-scale concrete deck
on steel superstructure bridge experiment conducted by the
Nebraska Department of Roads (Kathol et al., 1995) and a
continuous composite beam test conducted at Lehigh Uni-
versity (Daniels and Fisher, 1967).

As documented further in Appendix D, suitable agreement
was found between those experiments and the FEM-based
predictions, even well into the nonlinear range of behavior.

2.3.3 Verification Based on Experiments
by the Authors

The literature survey produced little information related
specifically to experimental investigation of the negative
moment regions of multi-girder bridge specimens. Much of
the research has focused on composite beams alone and not
necessarily on bridge superstructure systems. Also, many of
the bridge experiments encountered in the review focus on
positive moment region alone or do not provide strain data in
the negative moment region. There is little detail to be found
in the literature about deck instrumentation methods for those
that included instrumentation in the negative moment region.
Furthermore, very little presentation of composite behavior
is not explicitly intentional (i.e., composite behavior in the
negative moment region due to friction and interface bond or
due to longitudinal deck rebar anchored at the ends but with-
out shear connectors along the length). This lack of data moti-
vates the experimental research discussed in this report, which
is documented more fully in Appendixes E and F.

The experiments performed as part of the NCHRP Project
12-58 work provided an additional source of verification data
for the FEM-based parametric study. The specimens built
were based on a prototype bridge.

Ie

No. 16 @ 200mm (7.87in) /—No. 16 @ 200mm (7.87in)

2.3.3.1 Prototype Description

The prototype bridge on which the laboratory specimens are
based is a two-span continuous plate-girder bridge with a cast-
in-place reinforced concrete deck. The AASHTO LRFD Bridge
Design Specifications (1998, with Interims through 2001) were
used to design the prototype bridge in accordance with the
HL-93 notional live load. Material properties used for the
design are shown in Table 2. The bridge is 13.68 m (45 ft)
wide, and each span has a length of 24.4 m (80 ft). As seen in
Figure 7, the four girders are spaced at 3.8 m (12 ft, 5'/» in.),
and there is a deck overhang of 1.14 m (3 ft, 9 in.) at the exte-
rior girders. An elevation view of a typical girder is illustrated
in Figure 8, and Figure 9 shows the framing plan. The Tradi-
tional method (Section 5.7.3 of The Code) was used to design
the reinforced concrete deck, and the reinforcement details are
provided in Figure 10 in addition to Figure 7. Shear studs are
used to connect the concrete deck to the steel girders thus form-
ing an intentionally composite structure. The shear stud pitch
of the intentionally composite prototype is designed according
to Section 9.7.3 of The Code and is shown in Figure 11.

This prototype bridge served as the basis for experimental
studies carried out as part of the NCHRP Project 12-58 effort.
The quarter-scale two-span continuous specimen is called
4GQTCOM. The two half-scale negative moment region sub-
assemblage specimens are called 4GHFCOM and 4GHFNON.
In these specimens, instrumentation is placed with a number
of factors considered. Such factors include providing insight
regarding specimen behavior and furnishing a practical data

TABLE 2 Prototype material properties

f, fe
Components in MPa [ksi] | in MPa [Ksi]
. Flanges 345 [50]
Girder Web 345 [50]
Stiffeners Bearing 345 [50]
(transverse) Intermediate 345 [50]
Stud Connector 345 [50]
Weld *550 [80ksi]
Reinforcement 420 [60Ksi]
Concrete 28 [4ksi]
f,

50mm (2in) Cover

:[ No. 16 @ 200mm (7.87inj|: \'No. 16 @ 200mm (7.87ini-|: \24mm (0.9in) Cover :[

| 2
56
NE
1 140mm| 3800mm | 3800mm | 3800mm [1140mm
(45in) (150in) (150in) (150in) (45in)
REINFORCEMENT DETAIL

Figure 7. Cross section of prototype bridge.
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Web 18300mm (720in) 12200mm (480.3in) 18300mm (720in)
16mm (0.63in) x 940mm (37in) 16mm (0.63in) x 16mm (0.63in) x 940mm (37in)
940mm (37in)
Top 18300mm (720in) 12200mm (480.3in) 18300mm (720in)
Flange 24mm (0.9in) x 340mm (13.4in) 24mm (0.9in) x 24mm (0.9in) x 340mm (13.4in)
400mm (15.7in)
40mm (1.57in) x
Cross-frame 168mm (7.1in) Cross-frame
Connection Plate Bearing Stiff. Connection Plate
(Typical) Each Side (Typical)
20mm (.787in) x 20mm (.787in) x
160mm (6.3in) 160mm (6.3in)
Bearing Stiff. Bearing Stiff.
Each Side x ,—Each Side
A A
| 3000mm
(118.1n)
Cross-frame 7200mm 7100mm 7100mm 3000mm 7100mm 7100mm 7200mm
Spacing (283.5in) (279.5in) (279.5in)  (118.1n) (279.5in) (279.5in) (283.5in)
Bottom 18300mm (720in) 12200mm| (480.3in) 18300mm (720in)
Flange 24mm (0.9in) x 400mm (15.7in) 36mm (1|4in) x 2 4mm (0.9in) x 400mm (15.7in)
400mm ([l 5.7in)
24400mm (960.6in) 24400mm (960.6in)
CL. Span 1 CL. Span 2 CL.
Bearing Pier Bearing
Figure 8.  Girder elevation of four-girder prototype.
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£
3000mm
(118.1n)
Cross-frame 7200mm 7100mm 7100mm 3000mm 7100mm 7100mm 7200mm
Spacing (283.5in) (279.5in) (279.5in)  (118.1n) (279.5in) (279.5in) (283.5in)
24400mm (960.6in) 24400mm (960.6in)
C.L. Span 1 C.L. Span 2 CL.
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Figure 9.  Framing plan of four-girder prototype.
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Figure 10. Deck reinforcement plan in prototype.
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Figure 11. Prototype shear stud pitch.

set for comparing experimental test results with the FEM
analysis. Findings from these studies are described next.

ing is 0.95 m (3 ft, 1 in.), transversely connected by cross-
frames along the span length. The geometric parameters of
the composite specimen are shown in Figures 12 and 13. The
specimen was designed to enable study of the behavior

2.3.3.2 Quarter-Scale Specimen
and Instrumentation

The four-girder, quarter-scale composite [-beam specimen
consists of two continuous 6.1 m (20 ft) spans. Girder spac-

within the positive and negative moment regions of continu-
ous span bridge girders. The girders were designed using
Grade 345 (50 ksi) steel, with compact flanges to develop full
plastic moment capacity and lateral bracing close enough to
avoid lateral buckling. Webs were designed to be compact
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Figure 12.  Plan view of four-girder specimen.

and unstiffened. Typical cross sections through the positive
and negative moment regions can be seen in Figure 14.

The maximum aggregate size was chosen as 9.5 mm (*/s in.)
to prevent any large voids in the deck. The slab reinforcement
was isotropically laid out in the reinforced concrete deck with
a thickness of 50 mm (2 in.) and the double-layers of 4 mm
(157 in.) diameter reinforcing steel placed at 50 mm (2 in.)
spacing, transversely and longitudinally.

A modified design truck was recommended for the experi-
mental study. Two different loading conditions were consid-
ered: (1) complete 6-wheel design truck portion of the HL-93
loading and (2) 4-wheel loading representing the two rear
axles of the design truck. Analysis results using SAP2000
show variations less than 1 percent in the high-stress regions
and less then 10 percent in the low-stress regions. Based on

15

this observation, a two rear-axle loading configuration was
applied to the test specimen.

For the service limit state, five loading positions were used
to test the positive moment region and eight loading posi-
tions were used to test the negative moment region. Positive
moment tests were performed at 0.4L and negative moment
tests performed at 0.6L. The design truck was located at 0.4L
and 0.6L for the positive and negative moment tests, respec-
tively. For the ultimate loading tests, a re-configuration of the
design truck was used which allowed loads to be applied over
each girder line. For the negative strength test, each girder was
loaded at 0.6L on Spans 1 and 2 until failure.

Strain and deflection measurements were recorded during
the testing process. Displacement transducers were used for
the deflection measurements along the bridge.

2.3.3.3 Selected Experimental Results
from the Quarter-Scale Specimen

The purpose of the experiments was to establish a basis for
confidence in the finite element modeling scheme employed
in the parametric studies of this research. Two experimental
loading cases were the focus of the results presented herein
for the experiments conducted on the four-girder, quarter-
scale, two-span continuous slab-on-girder bridge specimen:

e The “Positive Service Yield Case,” loading one span to
just reach yield of the bottom flanges in the positive
moment region, and

e The “Negative Strength Case,” loading both spans to
maximize negative moment at the support and form a
plastic collapse mechanism in the specimen.

Positive Service Yield Case Results. Primarily positive
moment region results are presented here because the nega-
tive-moment region subassemblages reported in the follow-
ing sections and Appendix F provided much better negative
moment region data, with strain-gaged longitudinal rebars,
etc. Sufficient agreement was obtained between experimen-
tal results and FEM predictions that the originally planned
fourth experimental specimen (2GQTCOM) was deleted
from the scope of work for this project.

Figure 15 shows the position of loading for the Positive Ser-
vice Yield Case. Deflections of an exterior (G1) and interior
(G2) girder were compared with FEM results. Figure 16 com-
pares recorded deflections of exterior girder G1 and interior
girder G2 versus FEM results and line girder (LG) predictions.
Line girder deflections were computed using predicted values

lGl le

l G3 l G4
286 mm (11.25 in)—<—>|<—950 mm (37.5 in)—>|<—950 mm (37.5 in)—>|<—950 mm (37.5 in 286 mm (11.25 in)

Figure 13.  Cross-section view of four-girder specimen.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

16

I<—>I—68 mm (2.7 in)

50 mm (2 in)J
12.5 mm (.5 in)—T

254 mm (10 in)

Y

4.76 mm (.1875 in)J |<—>l—68 mm (2.7 in)

Positive Moment Region

I<—>I—68 mm (2.7 in)

50 mm (2 in)J

12.5 mm (.5 in)

260 mm (10.2 in)

l<—>l—1 00 mm (4 in)

Negative Moment Region

Figure 14. Typical cross sections in quarter-scale specimen.

of b,y which included full width (b,; = S) in the positive
moment region and 0.9 * full width (b,4= 0.9 * §) in the neg-
ative moment region. The FEM used the value of the load cell
to provide the direct comparison noted earlier. The values
having box symbols on the graph correspond to problematic
gages. Clamps were placed at the end supports of Span 2 to
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Figure 15. General layout and load location
for positive service yield case.

prevent the bridge from any lift-off that might have otherwise
occurred during testing. This clamping process introduced
unintended rotational restraint, which affected the deflection of
G1 (Figure 16) at a distance of 10,800 mm (425 in.) from the
end where a slight reverse in curvature is evident. G2 (Figure
16) and FEM show a good correlation in Span 1 and 2.

The Positive Service Yield Case was designed to capture
the elastic response of the experimental model at yield load
levels for comparison with FEM. The various comparative
plots show reasonable accuracy in the positive moment region.
The experimental results (i.e., deflections and strains) were
consistent throughout the test. Deflections that exceeded FEM
values were accompanied by corresponding high strain val-
ues. Strains through the depth of the cross section remained
plane throughout the test for nearly all the specified locations
(neglecting problematic gages). The FEM adequately pre-
dicted the observed behavior of the experimental specimen
throughout the Positive Service Yield Case. Further testing
was performed beyond yield and is presented next.

Negative Strength Case Results. Figure 17 identifies the
points of load application during the Negative Strength Case.
Next, Figure 18 shows values at two loading stages, one at
360kN (81kips) and the other at 453kN (102kips), the maxi-
mum loading achieved. Figure 18 compares the experimen-
tal and FEM-predicted deflections of G1 and G2. Under both
loading conditions, the experimental results were consistent
with the FEM results.

The Negative Strength Case showed significant cracking
in the negative moment region, as was to be expected with
the continuous specimen. Although the results between the
FEM and experimental specimen differed slightly, the results
were generally consistent and thus verified FEM results for
the positive moment region.

Discussion of Test Results. These experiments consisted of
various serviceability level loads followed by tests to failure.
The major cracking occurred in the negative moment region,
which was expected and can be seen in Figure 19. The cracks
shown in Figure 19 carried across the specimen transversely.
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Figure 16. GI and G2 deflection for positive yield case.
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Figure 17. General layout and load location for

negative strength case.

Figure 20 shows the specimen after the testing was com-
pleted. At 0.6L, after the positive strength case, a significant
amount of rotation occurred along with a permanent displace-
ment confirming a high level of ductile behavior from the
specimen. The other service and strength cases demonstrated
that the FEM and experimental behavior were consistent and
accurate in the positive moment region. The experimental
behavior was predicted reasonably accurately by FEM.

As mentioned above, a crack check was performed after
each test, and each crack was outlined and dated. This pro-
vided enough information to create the drawings shown in
Figures 21 and 22. Many of the gages in the negative moment
region on the concrete deck were lost because of severe
cracking as shown in Figure 22.

2.3.3.4 Half-Scale Specimens and Instrumentation

Two half-scale bridge specimens were produced based on
the negative moment region of the prototype bridge described
in Section 2.3.3.1. The specimens represented a portion of the
prototype that included two of the four girders and ranged
from 0.70L to 1.3L, where the parameter L represented one
span length. Figure 23 illustrates the portion of the proto-
type that was represented by the specimens. Additional cross-
frames are shown within the specimen portion of the bridge at
0.75L and 1.25L. Although these additional cross-frames were
not in the prototype, they were required for stability because
the specimens were loaded at those locations. Tie-down and
loading at 0.75L and 1.25L (respectively) simulated shear
forces at the permanent load inflection points of the prototype
while the pier of the prototype was directly represented by a
central support in the specimen at 1.0L.

The bridge specimens were composed of two continuous
homogeneous girders 7220 mm (284 in.) long and a 110-mm
(4.375-in.) thick reinforced concrete deck. The girders were
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Figure 18.  GI and G2 deflection for negative strength case.

490 mm (19.25 in.) deep and had a spacing of 1900 mm
(75 in.), while the overhang was 570 mm (22.5 in.). Cross-
frames were constructed from L3 x 3 x 3/s stock and welded in
place in an X configuration. Specimen geometry is depicted in
Figures 24 through 27.

The main difference between the two bridge specimens was
the layout of the shear connectors. Many states use shear con-
nectors in the negative moment region of composite bridges
while for others it is less common. Effective width criteria are
based on composite behavior. Composite behavior that is
unintentional (i.e., which results only from friction and steel-
to-concrete interface bond strength and not the presence of dis-
crete mechanical connectors) is not something that designers

typically will rely on. Furthermore, the AASHTO LRFD
Bridge Design Specifications appear to be inconsistent with
regard to composite action in the negative moment region.
“Article S6.10.7.4.3 states that “Where composite girders are
noncomposite for negative flexure, additional shear connec-
tors shall be provided in the region of points of permanent load
contraflexure’. However, the commentary to that article states
that ‘The purpose of the additional connectors is to develop the
reinforcing bars used as part of the negative flexural compos-
ite section.” Is it composite or noncomposite?—the code is
confusing on this point” (Chen et al., 2001). In any event,
AASHTO LRFD Bridge Design Specifications were used to
design the shear connectors for both specimens.
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Figure 19. Cracking at G3 over the center support.

Figure 20.

Final curvature after testing.

The intentionally composite bridge was designated as
4GHFCOM because it was based on a four-girder prototype at
half scale. Similarly, the noncomposite specimen was desig-
nated as 4GHFNON. The shear studs used for both specimens
are 10 mm [*/s in.] in diameter and have a length of 80 mm
[3.11n.]. As shown in Figure 25, studs are placed in two rows
at 75 mm [3 in.] in the vicinity of the permanent load inflec-
tion point and at 300 mm [12 in.] elsewhere on 4GHFCOM,
resulting in 128 shear connectors per beam. The ‘noncom-
posite’ specimen, 4GHFNON, has clusters of shear studs in
the vicinity of the permanent load inflection point to develop
longitudinal rebar as The Code specifies.

Instrumentation was placed not only for the reasons listed
above but also to generate data that might be useful in com-
paring the intentionally composite behavior of specimen
4GHFCOM with the behavior of specimen 4GHFCOM,
which was noncomposite but had longitudinal rebar anchored
at the ends. Strain gages were placed on the rebar embedded
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Figure 21. Cracking due to service loading.

in concrete as well as on the deck and girders. In addition to
direct strain measurements, displacement transducers such
as Temposonics, Linear Variable Displacement Transducers
(LVDTs), and potentiometers were used to measure quanti-
ties such as displacement, slip, plastic hinge rotation, and
smeared values of strain.

The strain gages placed on the rebar included regular and
backup gages placed on both longitudinal layers (top and bot-
tom) of rebar. A significant number of gages were placed
near the pier because one objective of this experiment was to
investigate behavior near the interior support. A denser con-
centration of gages near the pier might be desired but was not
fully provided because of equipment limitations and because
protective coating and wires in the vicinity of the gage might
slightly reduce the volume of concrete and, therefore, the
amount of concrete in contact with the bars in the immediate
vicinity of the gages. This reduction of concrete volume and
contact area was not expected to be significant, however,
given that the gages were reasonably spaced across the width
of the deck. A significant number of gages were placed along
Girder 1 as well in order to provide information for comparing
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Figure 22.  Cracking due to ultimate loading.

the composite action of 4AGHFCOM with that of 4GHFNON.
In addition to those near the pier, another transverse line of
rebar strain gages was placed along 0.85L. This location was
chosen because it was expected to be far enough away from
the point of loading (0.75L) such that local effects from the
loading were not a concern. Other rebar gages were placed to
provide data points to plot the strain profile through the com-
posite section. Backup gages were provided in case some
gages were damaged during deck casting. The line of backup
gages on Bar 10 was supplied to replace the gages along
Bar 8 if the state of stress near the shear studs was complex
enough to corrupt the readings along Bar 8. They also served
as backup for other gages in their vicinity.

Strain gages on the girders and on the concrete deck girder
line were positioned to give information about the strain pro-
file within a section. These gages corresponded to the rebar
gages mentioned earlier for the same purpose. Other concrete
deck gages were placed to provide information about the
strain variation in plan across the width of the deck.

Further information about instrumentation is provided in
Appendix F.
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Figure 23.  Specimen portion of prototype.

2.3.3.5 Selected Experimental Results:
Half-Scale Specimens

Figures 28 and 29 show deck cracking results for the
0.95 * yield case and the post-yield case, respectively. Fig-
ure 30 shows the force displacement relationships for both
4GHFCOM and 4GHFNON on the same plot. The load levels
used for FEM comparison are also depicted. The 4GHFNON
specimen deviated from the FEM curve sooner than the
4GHFCOM specimen. This was probably the result of at least
partial loss of composite action. The plots indicate that the
forces were similar in the ultimate limit state, thus indicat-
ing that overall behavior of the noncomposite specimen
with developed longitudinal rebar was similar to that of the
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Figure 24.  Specimen framing plan.

intentionally composite one. Comparative deflection pro-
files shown in Figure 31 generally confirmed this behavior
as well, although deviation from linear behavior began slightly
sooner for the noncomposite specimen.

The findings from the negative moment region subassem-

blage experiments may be summarized as follows:

Top Flange

6100mm [240.0in]

1. There is a good correlation between the FEM and line-
girder (LG) predicted results for much of the experi-
mental data. Before the specimens’ girders buckled,
their load displacement curves followed very near the
FEM curve. These specimens were designed to have
barely compact webs (based on the current 12t-limited

Web

13mm x 178mm [1/2in x 7in]
6100mm [240.0in]

8mm x 457mm [5/16in x 18in]
6100mm [240.0in]

560mm [22.0in]

Shear Stud 560mm [22.0in]
2/Row @ 75mm 2/Row @ 300mm [12in] 2/Row @ 75mm
[3in] [3in]

25mm x 76mm [lin x 3in]
Bearing Stiffener/ __|

L E5/16

Cross-frame Connection Plate \ 5/16 5/16
Each Side (Typ.)
IN
560mm 560mm
[22.0in] [22.0in]
Cross-Frame Spacing 1525mm 1525mm 1525mm 1525mm
[60.0in] [60.0in] [60.0in] [60.0in]
Bottom Flange 6100mm [240.0in]
19mm x 178mm [3/4in x 7in]
3050mm 3050mm
[120.0in] [120.0in]
Point of Span | C.L. Span 2 Point of
Inflection Pier Inflection

Figure 25. 4GHFCOM girder elevation.
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Figure 27.  Specimen section.

definition of effective width) in order to develop a plas-
tic hinge and investigate experimentally the cracked-
deck effective width at plastic hinge conditions. But in
doing so, it was overlooked that full (not 12t-limited)
effective width would raise the neutral axis, thereby
rendering the web noncompact. Such a web would be
expected to buckle before full plastification, which is
precisely what occurred in the experiment. Attempts to

Top Flange 6100mm [240.0in]
13mm x 178mm [1/2in x 7in]
Web 6100mm [240.0in]
8mm x 457mm [5/16in x 18in]
Shear Stud 400mm [15.75in] | | 400mm [15.75in] 400mm [15.75in] | | 400mm [15.75in]
3/Row @ 57mm 3/Row @ 57mm 3/Row @ 57mm 3/Row @ 57mm
[2.25in] [2.25in] [2.25in] [2.25in]
25mm x 76mm [1lin x 3in]
Bearing Stiffener/ ___|
Cross-frame Connection Plate \ 5/16 5/16 e E5/16
Each Side (Typ.)
560mm 560mm
[22.0in] [22.0in]
Cross-Frame Spacing 1525mm 1525mm 1525mm 1525mm
[60.0in] [60.0in] [60.0in] [60.0in]
Bottom Flange 6100mm [240.0in]
19mm x 178mm [3/4in x 7in]
3050mm 3050mm
[120.0in] [120.0in]
1 2
Point of Span CL. Span Point of
Inflection Pier Inflection
Figure 26. 4GHFNON girder elevation.
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—— ——
570mm 1900mm 570mm
[22.5in] [74.8in] [22.5in]

model the geometric nonlinearity of web buckling com-
bined with the material nonlinearity of yielding in the
FEM model were unsuccessful. Thus, the plotted FEM
model results neglected web buckling. Even after buck-
ling, however, the general shape of the load displace-
ment curve mimics the shape of that predicted by FEM
modeling. It is therefore reasonable to assume that, had
the section been fully compact, it might have continued
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Figure 28. 4GHFCOM Case Y3 cracking.

close to the FEM curve. That it was not compact itself
is evidence of full effective width, given that, on the
basis of current AASHTO provisions for effective width,
it would have been compact. Deflection profiles were
also predicted reasonably well by the FEM model up to
the onset of buckling.

. Girder strains obtained from the experiment also com-
pared well with FEM-predicted values. There were some
discrepancies near the boundary conditions (i.e., load-
ing and tie-down points) but this was to be expected.

. Strain readings associated with the deck were generally
unreliable for the composite specimen, and most of them
were questionable for the noncomposite one as well.
Unfortunately, deck surface gage results were the most
unreliable. Some of the rebar-mounted strain gages on

the second specimen did, however, yield reasonable
results. This favorable outcome is believed to be due to
the introduction of epoxy as the protective coating. The
general unreliability of deck-related strain gages because
of deck cracking makes it difficult, if not impossible, to
extract effective width values directly from experi-
mental results. That most of the other data correlated
well with FEM, however, was considered sufficient to
conclude that FEM results were reasonable. The reader
may wish to refer to the dissertation by Chiewanichakorn
(2005) for more information regarding the validity of
FEM relating to evaluation of composite bridges.

. The global behavior of the 4GHFNON specimen (non-

composite but with developed rebar) was similar to that
of the 4GHFCOM (intentionally composite) specimen,
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Figure 29. 4GHFNON Case P1 cracking.

especially at the ultimate limit state. Local behavior (i.e.,
slippage and separation of the concrete deck from the
steel girder), however, would normally be used to clas-
sify the girder as noncomposite.

. Despite the problems encountered with deck gages

a. There was good correlation of deck strains with FEM
strains before cracking,

b. Overall load-deflection prediction was good,

c. Existence and extent of cracking was reasonably well
predicted by the smeared cracking approach used in
the FEM herein,

d. Steel strains correlated well with FEM predictions
pre-buckling,

e. Those strain profiles confirmed the upward move-
ment of the neutral axis consistent with the full effec-
tive width predicted by FEM for the experiment, and

f. That the web flexural buckling was observed pro-
vides additional confirmation that the neutral axis had
moved up—consistent with a full effective width.

Thus, the principal insights from the experiments were that
the FEM methodology employed was reasonably trustworthy
for extracting effective width and that full width is consistent
with those experimental results. Further details on the exper-
iments conducted are provided in Appendixes E and F.

2.4 FEM PARAMETRIC STUDY

In the parametric study of the effective slab width proj-
ect (NCHRP Project 12-58), design of experiment (DOE)
concepts described in Appendix G were employed to ensure
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that both common and extreme cases were covered. In addi-
tion, curve-fitted equations were derived considering the
effects from each parameter. Various cases were considered:

e Simple-span right bridge (non-skewed),

e Simple-span with skewed supports,

e Multiple-span continuous right bridge (non-skewed), and
e Multiple-span continuous with skewed supports.

By using DOE, all cases for both simple-span and multiple-
span continuous bridges are illustrated in Tables 3 and 4,
respectively.

For simple-span cases, the main parameters are

e Girder spacing (S) 2.4 m to 4.8 m,
e Span length (L) from 15 m to 60 m, and
e Skew angle (0) from 0 degree to 60 degrees.

For multiple-span continuous cases, the main parame-
ters are

Girder spacing (S) 2.4 m to 4.8 m,

Exterior span length (L,) from 20 m to 60 m,
Interior-to-exterior span ratio (L,/L;) from 1 to 1.5, and
Skew angle (0) from O degree to 60 degrees.

2.4.1 Bridge Designs for Parametric Study

All bridges in the parametric study were designed accord-
ing to a common set of industry guidelines for economical
design of slab-on-steel girder-type structures. These guide-
lines are as follows.

Strength I, Service II, and Fatigue and Fracture limit states
were considered in the designs, as was the construction stage
assuming conventional unshored construction. Load effects

were calculated using the QConBridge software. Bridges
were designed for these load effects using MathCad Work-
sheets developed for that purpose. Bridges so designed were
checked using the OPIS 5.0 software. Line girder analysis
with the current 12t-limited effective slab width was used for
each of the designs. Details of deck and girder design con-
siderations are summarized below.

2.4.1.1 Deck Design

The thinnest practicable deck was used in order to maxi-
mize shear lag behavior. The deck thickness depended on the
girder spacing. The following thicknesses were used:

Girder Deck

Spacing Thickness S/t Design Method
2.4m 175mm 13.7 Empirical Design
3.6m 200mm 18.0 Empirical Design
4.8m 240mm 20.0 Conventional

Overhang width was assumed as 0.4S for every bridge
design based on an investigation of overhang width on several
bridges to produce the same exterior girder as used for the
interior girder, with similar structural efficiencys, i.e., perfor-
mance ratio.

Skewed Deck. Two skew angles were considered in the
designs: 30 and 60 degrees. The reinforcement in both
directions was doubled in the end zones of the deck and
placed perpendicular to the main supporting components as
specified in Article 9.7 of the AASHTO LRFD code.

Negative Moment Regions. The total cross-sectional area
of the longitudinal reinforcement should not be less than
1 percent of the total cross-sectional area of the slab. The
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Figure 31.  Comparative deflection profiles.

minimum yield strength of reinforcement should not be less
than 420 MPa and a size not exceeding #19 (metric, #6 Eng-
lish) bars.

Prestressed deck should be considered when S/t > 20, which
corresponds to the 4.8 m girder spacing. Prestressed deck
was not considered as part of the basic parametric study but
was considered as one of the special cases.

2.4.1.2 Girder Design

Guidelines employed for the girder design included the

following:

e The minimum web plate thickness was assumed as
11 mm.
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TABLE 3 Simple-span parametric study cases

Bridge ID Parameter LIS
S (m) L (m) 0 (degrees)
SS-01 24 15 0 6.25
SS-03 4.8 15 0 3.125
SS-07 24 60 0 25
SS-09 4.8 60 0 12.5
SS-19 24 15 60 6.25
SS-21 4.8 15 60 3.125
SS-25 24 60 60 25
SS-27 4.8 60 60 12.5
TABLE 4 Multiple-span continuous parametric study cases
Bridge ID Parameter LIS
S (m) L; (m) Lo/L; 0 (degrees)
CS-01 2.4 20 1.0 0 8.33
CS-03 4.8 20 1.0 0 4.17
CS-07 2.4 60 1.0 0 25
CS-09 4.8 60 1.0 0 12.5
CS-19 2.4 20 1.5 0 8.33
CS-21 4.8 20 1.5 0 4.17
CS-25 2.4 60 1.5 0 25
CS-27 4.8 60 1.5 0 12.5
CS-55 2.4 20 1.0 60 8.33
CS-57 4.8 20 1.0 60 4.17
CS-61 2.4 60 1.0 60 25
CS-63 4.8 60 1.0 60 12.5
CS-73 2.4 20 1.5 60 8.33
CS-75 4.8 20 1.5 60 4.17
CS-79 2.4 60 1.5 60 25
CS-81 4.8 60 1.5 60 12.5

The minimum flange size was assumed as 19 mm X
300 mm.

The Traditional Minimum Depth requirement was
applied [AASHTO LRFD Table 2.5.2.6.3-1].

Uniform depth was assumed for web design throughout
the length of a bridge.

The web was designed as partially stiffened, if applicable.
For simply supported girders, girder transitions were
located at 0.2L and 0.8L. For continuous girders, girder
transitions were located approximately at 0.7L, 1.2L,
1.8L, and 2.3L.

The top flange width was fixed for every design; heav-
ier flange requirements were accommodated by varying
thickness. The bottom flange width was changed only in
negative moment regions.

For positive moment regions, most of the girder sections
were compact. For negative moment regions, noncom-
pact sections (noncompact web) were used if applicable.
Designs were fine-tuned to have the maximum perfor-
mance ratio for the most critical limit state exceed 95 per-
cent (except in some cases where the aforementioned
minimum flange size of 19 mm x 300 mm was used).
For skewed bridges, intermediate cross frames were
oriented normal to the main members. Cross frames
may be staggered or discontinuous across the bridge.
Displacement-induced fatigue considerations should be

investigated in such cases, but those considerations were
not the focus of the present study.

e For shear in skewed bridges, the same web thickness
was used for both right and skewed bridges sharing the
same span lengths and girder spacings to avoid devia-
tion of flexural effects if possible. Shear effects in any
two such comparable bridges are not the same, however,
because of the shear correction applied to the distribu-
tion factor for skewed bridges.

More details on the specifics of the industry guidelines and
rules of thumb used to design the suite of bridges in the para-
metric study set, along with resulting girder section sizes and
governing limit states, are provided in Appendix H.

2.4.2 Simple-Span Bridges

Finite element analyses of eight simple-span bridge con-
figurations were conducted using the general-purpose finite
element analysis software, ABAQUS. Configurations of all
simple-span bridges are illustrated in Table 3. Bridges ranged
from 15 to 60 m in span length, 2.4 to 4.8 m in girder spac-
ing, and 0 to 60 degrees in skew angle at the supports. Most
bridges were designed to have two flange transition points at
0.2L and 0.8L, where L is the span length. Material proper-
ties are summarized in Table 5.
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TABLE 5 Material properties for parametric study
cases

Material Description Value
Steel Elastic modulus, E; 200 GPa
Yield strength, Fy 345 MPa
Concrete Elastic modulus, E. 24.4 GPa
Compressive strength, f . 28 MPa
Reinforcement Elastic modulus, E,.p., 200 GPa
Yield strength, f, 420 MPa
Shear Connector | Elastic modulus, E,. 200 GPa
Yield strength, £ ;¢ 345 MPa
Ultimate strength, f;, s 420 MPa

All bridges were subjected to the nominal live load, which
consists of HL-93 trucks and lane load, including impact
effects. Both truck and lane loads were applied at the specific
location to simulate the maximum positive moment condi-
tion. Longitudinally, the middle axle of the truck was located
at mid-span of the bridge, while the trucks were placed trans-
versely across the width to maximize the bending moment in
either interior or exterior girders, whichever was the focus
of interest.

Each simple-span bridge analysis can be subdivided into
two categories at the Service II limit state:

e Interior girder, and
e Exterior girder.

Truck configurations are illustrated in Figure 32 for the
interior girder loading and Figure 33 for the exterior girder
loading. Distances between the front-to-middle axles and
rear-to-middle axles were chosen to have the minimum of
4.3 m based on the code and the influence line principle for
simple-spans. Additionally, lane load configurations are illus-
trated in Figures 34 and 35 for the interior girder and exterior
girder loading, respectively. For the purpose of the paramet-
ric study, all bridges were analyzed up to the serviceability
limit state (SERVICE II), which has the load combination of
1.0(DC1 & DC2 & DW) + 1.3(LL & IM). A limited number
of Strength limit state cases were chosen randomly to verify
that the serviceability limit states always governed the effec-
tive slab width values.

Effective Slab Width Variation Along the Span. The effec-
tive slab width values were computed along the span using
the proposed definition for positive moment section. The
results are summarized in Table 6. Figures 36 and 37 illus-
trate the effective slab width ratio variation (b,;/b) and asso-
ciated bending moment diagrams versus normalized span
length (x/L) for simple-span bridges for interior and exterior
girders, respectively. The values were determined based on
the finite-element analysis results taken between a half width
on one side and the other half width on the other side of the
girder (interior) or the overhang width (exterior). The ending
moments were calculated from element stresses and cross-
sectional area. The circles on the plots represent the data points

and were connected by straight lines. The series of numbers
after the bridge ID contain the bridge configuration informa-
tion. The three numbers are

e Girder spacing (m),
e Span length (m), and
e Skew angle (degree).

Thus, for bridge SS-19: 2.4/15/60 represents a bridge with
2.4-m-girder spacing, 15 m long, and 60-deg skew angle.
Truck placement location is indicated in the diagram of each
plot of b /b.

The results show that a full slab width can be used as the
effective slab width for all investigated right bridges. These
encompass a L/S range of 3.125 to 25.

The SS-07 bridge has the highest L/S value among the four
right bridges, hence the most flexural dominated structural
behavior. Likewise, SS-09, with the second highest L/S value,
exhibits similar behavior with the b,;/b of 1.0 across the
entire span length.

In the region close to the abutments, the support boundary
conditions influenced the effective slab width ratio. The closer
the section was to the end support, the smaller the effective
slab width ratio tended to be. In most practical situations, there
is significant excess flexural capacity as well near end sup-
ports. Thus the reduction in b,;/b should not be of concern in
such regions. The support effect becomes more prominent as
the L/S values get smaller. For instance, the interior girder
effective slab width ratios of the SS-03 bridge reduced below
1.0 further away from the supports than SS-01.

For the interior girder and highly skewed cases, three out
of four bridges exhibited an effective slab width ratio of less
than 1.0. The exception was the SS-25 bridge, which had a
high L/S of 25 (see Figure 36). But where b,;/b < 1 near
midspan, the bending moment diagrams of short-span skewed
bridges SS-19 and SS-21 extracted from FEM do not have
the shape or magnitude used in the girder design based on
line girder analysis. FEM-extracted moments in these bridges,
as shown in Figure 36, were less than the moments that full
truck axle loads produce in a line-girder analysis.

Table 7 compares the extreme fiber stresses with Service
II Live Load (LL+IM), as computed by line-girder analysis
(OPIS) and FEM, for comparable right and skewed configu-
rations. As shown in the table, the line girder analysis signif-
icantly overestimated the girder flange stresses in the skewed
bridges. This overestimation provided a source of conser-
vatism in the very situations where a full effective width was
not attained.

For short-span skewed bridges, the computed effective
slab width ratios varied erratically along the span length. The
effective slab width ratios at midspan of these short-span
skewed bridges, the SS-19 and SS-21 bridges, were 0.90 and
0.93, respectively. These short bridges also had their flange
sizes governed by the minimum flange size guideline rather
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Figure 32. HL-93 truck configurations, simple span, interior girder,

positive moment.

than by Service II or Strength I, as documented further in
Appendix H.

For exterior girders, all four skewed bridges experienced
the effective slab width slightly smaller than the full width
(see Figure 37). Of these, however, SS-25 had the highest
effective slab width ratio as expected because of flexural
dominated behavior.

The results presented here are for Service II conditions. At
Strength I loading levels, effective widths were always found
from the FEM results to be equal or greater than the Service

II effective widths, as expected. Representative results of this
nature are provided in Appendix G.

2.4.3 Continuous Span Bridges

A total of 16 multiple-span continuous bridges, providing
64 subcases, were analyzed using ABAQUS. All these bridges
are composed of four three-span continuous steel girders with
conventional reinforced concrete slab. Bridge configurations
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Figure 33.  HL-93 truck configurations, simple span, exterior girder,
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are summarized in Table 4 with four different parameters—
girder spacing (S), exterior span length (L,), interior-to-
exterior span ratio (L,/L,), and skew angle of the support (8).
Parameters range from 2.4 m to 4.8 m for girder spacing, 20
m to 60 m for exterior span length, 1.0 to 1.5 for interior-to-
exterior span ratio, and 0 deg to 60 deg for skew angle. Each
bridge analysis consisted of four subcases at the Service 11
limit state:

e Positive Moment, Interior girder;
e Positive Moment, Exterior girder;

e Negative Moment, Interior girder; and
e Negative Moment, Exterior girder.

For the positive moment loading, the truck middle axles
were placed at 0.4L, where L, was the exterior span length,
with the rear axle facing the closest abutment (see Figures 38
through 41). Lane load for the positive moment loading cases
was applied only on the exterior span where the trucks were
located. In addition, selected bridges were loaded in the mid-
dle span only and subjected to the truck loading at 0.5L,
where L, was the interior span length. This was to simulate
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the positive moment condition on Span 2. These cases were
used for validating the results obtained by loading on Span 1.

For the negative moment loading, two truck middle axles
were placed on the exterior span at 0.6L, and the other two
truck middle axles were placed at 1.4L,, where L, and L, were
the exterior and interior span lengths, respectively. These
locations were systematically chosen based on influence line
concepts to maximize the negative bending moment at the
interior support. All trucks’ rear axles were facing the clos-
est abutment as described for the positive moment loading.

Truck configurations are illustrated in Figures 42 to 45. Sim-
ilarly, lane load was applied on both spans where the trucks
were located, that is Spans 1 and 2.

2.4.3.1 Positive Moment Section

Effective Slab Width Variation Along the Span. For posi-
tive moment loading on the exterior span (Span 1), some sec-
tions along the bridge experienced negative bending moment,
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TABLE 6 Effective slab width ratio (b,;/b) for simple-span bridges

Bridge Interior Girder Exterior Girder

ID 040L [ 045L | 050L | 0.55L [ 0.60L | 0.40L | 045L | 0.50L | 0.55L | 0.60 L

SS-01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SS-03 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SS-07 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SS-09 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SS-14 | 1.00 1.00 1.00 1.00 1.00 0.98 0.97 0.95 0.97 0.98

SS-19 | 1.00 0.80 0.90 0.84 0.88 0.83 0.89 0.88 0.86 0.85

SS-21 | 0.85 0.80 0.93 0.81 0.81 0.80 0.75 0.80 0.78 0.78

SS-25 1.00 1.00 1.00 1.00 1.00 0.93 0.96 0.96 0.95 0.93

SS-27 | 0.95 0.92 0.94 0.94 0.94 0.80 0.81 0.92 0.83 0.80
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TABLE 7 Comparison of 1.3(LL+IM) stresses in the bottom flange at 0.5L

Bridge L (m) S (m) %] Flange Stress in RF Flange Stress
OPIS (MPa) in FEM (MPa)
SS-01 15 24 0 180.3 1.116 150
SS-09 60 4.8 0 86.8 1.423 60
SS-19 15 2.4 60 164.4 1.089 71
SS-27 60 4.8 60 93.23 1.171 48

especially the region near the interior pier. Hence, the effec-
tive slab width values were computed based on the proposed
definitions for the positive and negative moments accordingly.
In this section, the main focus will be on the positive moment
section where the maximum positive bending moments take
place. The variations of effective slab width ratio were plot-
ted along the normalized span length between OL; and 1.1L,

60m

L 20m | 20m | 20m ]

in Figures 46 and 47 for the interior girder of right and
skewed bridges, respectively. Similar plots for the exterior
girders are illustrated in Figures 48 and 49. The associated
bending moment diagrams are plotted. Numerical results are
summarized in Table 8.

All right bridge results indicate that the full width can be
used as the effective slab width for the critical positive moment

7.2m
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Figure 38.  HL-93 truck configurations of the multiple-span continuous cases (right bridges,

interior girder, positive moment).

Copyright National Academy

of Sciences. All rights reserved.


http://www.nap.edu/13853

36

©S-55_POS_INT

©S-57_POS_INT

72m

CS-61_POS_INT

CS-63_POS_INT

_aan—

E

' 70m .
L2om, 3om | 20m |

N
~

CS-73_POS_INT

CS-75_POS_INT

CS-81 POS INT

Figure 39. HL-93 truck configurations of the multiple-span continuous cases (skewed bridges,
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section, at approximately 0.4L, (see Figure 46). The reduction
of the effective slab width occurs at the point of contraflexure
where the transition of bending moment from positive to neg-
ative takes place. This phenomenon will be addressed more
fully in the negative moment section discussion.

The variations of effective slab width ratio for the highly
skewed bridges were rather chaotic. However, the effective
slab width value associated with the maximum positive
moment section was relatively close to 1.0. The exterior gird-
ers had more or less the same behavior as the interior girders
in terms of effective slab width ratio (see Figures 48 and 49).

The case of loading on the interior span (Span 2) was also
investigated. Eight selected cases were analyzed by subjecting

the interior span to the live load that maximizes the positive
bending moment of the interior girder. Figure 50 illustrates the
effective slab width ratio variation along the normalized span
length of all eight of these cases, i.e. CS-03, CS-07, CS-21,
CS-25, CS-57, CS-61, CS-75 and CS-79. These cases were
chosen to ensure all the extreme cases in terms of L,/S were
covered. All bridges experienced a full width as the effective
slab width for positive moment in the middle span, except for
CS-75. The result was very consistent with the exterior span
loading case (see Figure G.48).

Bridge CS-75, like SS-19 and SS-21, had not only high
skew but also short spans such that the flange sizes in the pos-
itive moment region were governed by the minimum flange
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Figure 40. HL-93 truck configurations of the multiple-span continuous cases (right bridges,

exterior girder, positive moment).

size guideline rather than by Service II or Strength I, as doc-
umented further in Appendix H.

2.4.3.2 Negative Moment Section

This section focuses on the region close to the interior pier
where the negative moment is maximized. Many issues arise
under the investigation of the negative moment section and
will be explored more fully as the discussion progresses.

Effective Slab Width Variation Along the Span. Figures 51
and 52 demonstrate how the effective slab width ratios of the
interior girder varied in the region close to the interior pier,
1.0L,. Almost every right bridge experienced full width as

the effective slab width. The sole exception was the CS-03
bridge. For skewed bridges, a few cases had the effective slab
width smaller than 1.0. In addition, the bending moment dia-
grams associated with these skewed bridges deviated from
the line-girder analysis results as with skewed simple-span
bridges. Moments extracted from FEM in such cases were
considerably less than those obtained from line-girder analy-
sis. The location of truck placement could have had a major
influence on the computed effective slab width ratios, espe-
cially in the short and high skewed bridge (see Figure 52).
Similar plots of the exterior girder are illustrated in Figures
53 and 54. All exterior girder cases, except the CS-03 bridge,
experienced a full width as the effective slab width. Numer-
ical results are summarized in Table 9.
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exterior girder, positive moment).

Uncracked Versus Cracked Sections. From the result of
the investigation using the new effective slab width defini-
tion for the negative moment section, the concrete slab can
be divided into two categories: uncracked and cracked. There
are major distinctions between the two slab types, which in
turn affect how much of the slab contributes to resisting ten-
sile stresses.

An uncracked slab section is an intact condition of the
concrete slab that is subjected to tensile stresses below the
concrete tensile strength. Both concrete and rebars are work-
ing together and sharing tensile forces accordingly. At low
stress levels, this gives a smaller effective slab width. Once
cracks initiate, tensile stresses would be redistributed in the
uncracked portion of the slab and result in the larger effec-

CS-81_POS_EXT

HL-93 truck configurations of the multiple-span continuous cases (skewed bridges,

tive slab width. As soon as the entire slab reaches the con-
crete tensile strength, the slab becomes a cracked section.
Forces start to transfer from slab to rebars, which pushes the
effective slab width wider until the full slab width is reached.

As for the positive moment region, the results presented
here are for Service II conditions. At Strength I loading lev-
els, effective widths were always found from the FEM results
to be equal to or greater than the Service II effective widths,
as expected. Representative results of this are provided in
Appendix G.

2.4.4 Summary of FEM Parametric Study

FEM results showed the following:
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Figure 42.  HL-93 truck configurations of the multiple-span continuous cases (right bridges,

interior girder, negative moment).

e Full width was typically acting at cross sections where
it was most needed, i.e., where moments and hence per-
formance ratios would be highest.

e Where the effective width was less than full width at
such cross sections, those cross sections had consider-
able excess flexural capacity.

2.5 SPECIAL CASE BRIDGES

Special cases such as cable-stayed and prestressed girder
bridges typically confirmed the trends observed in the para-
metric study reported above, although girder spacings wider
than 4.8 m were beyond the realm of the parametric study. For

the purpose of this study, special case bridges were divided
into Cable-Stayed Bridges and Validation Cases.
2.5.1 Cable-Stayed Bridge Investigation

This section summarizes the investigation of effective slab
width in cable-stayed bridges. Further detail on the cable-
stayed investigation is provided in Appendix I.

2.5.1.1 Cable-Stayed Bridges Investigated

Five cable-stayed bridges were investigated, four of them
having been analyzed previously by Byers (1999). The fifth
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Figure 43.  HL-93 truck configurations of the multiple-span continuous cases (skewed bridges, interior

girder, negative moment).

bridge analyzed was the Cooper River Bridge. All had two
edge girders on a cross section, two pylons, and a semi-harp
cable configuration with two planes of cables. Table 10 and
Figure 55 summarize principal dimensional differences among
the bridges investigated.

The first number in the bridge designation (e.g., “8” in
“8_15") indicates the number of cables on each side of the
tower. The second number indicates the distance from the
centerline (CL) of the slab to the centerline of the edge girder
in meters.

2.5.1.2 Two-Level Modeling Scheme

Each structure was modeled on a “global” and a “sub-
structure” or “local” level. The former takes into account the
behavior of the bridge as a whole, while the latter focuses on
parts of the structure with a more detailed model and assesses
how the bridge performs under the loads considered.

There were four global models, one for each bridge. The
solution obtained for the global model was used as input to
the local model of the structure where a part of the bridge
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Figure 44. HL-93 truck configurations of the multiple-span continuous cases (right bridges, exterior

girder, negative moment).

between two cables was modeled in greater detail. In this
way the stresses in the composite cross-section could be
obtained, and the effective width could be computed. Only
dead load was applied.

Global Models. Figure 55 shows the element types used in the
global models. All materials were considered linear-elastic.
The structural elements were modeled as follows. The deck
was modeled as a thick plate (each element had width and
length not significantly higher than the thickness) at the level
of its mid-surface. The cables were modeled as truss ele-
ments. The beams (floor beams and girders) and the towers

were discretized into 3-D beam elements along their centroidal
axes. There were “rigid” beam link elements connecting the
deck to the floor beams; two edge girders and no middle
girder existed in each model.

The cable areas were such that they all provided approx-
imately the same vertical stiffness. The towers were consid-
ered to be fixed at their bases. Each linear element (e.g.,
beam or tower) was located at the equivalent member’s cen-
troidal axis. The concept of rigid linear elements was used
to ensure that members that were connected shared common
displacements. Part of a global bridge model (8_8) is shown
in Figure 56.
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Local Models. Each local model represented the part of
the structure lying between two adjacent cables. The floor
beams and the girders shared common nodes at the points
where they met given that those points were connected and
should have had the same displacements. The cable-stayed
local models had the same level of detail as the models used
in the parametric study, except that deck rebar was neglected.
The slab, for example, was divided into four layers.

The material properties and beam dimensions were the
same as those given in the description of the global models.
All the elements were 3-D eight-noded solid elements (C3D8

in ABAQUS notation). Concrete was used for the slab. Steel
was used for the beams.

2.5.1.3 Cable-Stayed Bridge Results

Results were categorized on the basis of which of three
regions along the bridge they were in:

e Type I (positive moment and low axial force regions
close to the center of the main span),
(text continued on p. 47)
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TABLE 8 Effective slab width ratio (b,;,/b) for multiple-span continuous bridges
(positive moment)

Bridge Interior Girder Exterior Girder

ID 03L; [035L;,|04L;,|045L, | 05L;, | 03L; [ 035L;, | 04L;, | 045L;, | 0.5L,;
CS-01 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-03 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-07 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-09 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-19 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

CS-21 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-25 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

CS-27 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-41 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-55 | 0.95 0.95 0.96 0.96 0.96 1.00 1.00 1.00 1.00 1.00

CS-57 | 0.96 0.95 0.94 0.94 0.94 1.00 1.00 1.00 1.00 1.00
CS-61 | 0.85 0.92 0.98 0.95 0.92 1.00 1.00 1.00 1.00 1.00
CS-63 | 0.99 0.99 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00
CS-73 | 0.86 0.89 0.92 0.95 0.97 1.00 1.00 1.00 1.00 1.00
CS-75 | 0.87 0.81 0.74 0.72 0.70 1.00 1.00 1.00 1.00 1.00
CS-79 | 0.94 0.95 0.96 0.95 0.98 1.00 1.00 1.00 1.00 1.00
CS-81 | 0.97 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

width ratio along the length of the main span in the Cooper
River Bridge. Results from Cooper River were similar to those
obtained from the other four bridge models.

e Type II (positive moment and high axial force regions
close to the support of the main span), and

e Type III (negative moment and high axial force regions
very close to the tower).

Figure 57 shows the transverse distribution of normal slab
stresses in a Type I region, while Figures 58 and 59 show slab

2.5.2 Validation Cases

stresses in Type II and Type III regions, respectively. These
were for the 8_15 and 12_15 bridges. Analogous distributions
were also observed for the Cooper River Bridge, as shown in
Figures 60 and 61. Some shear lag was evident in these figures,
but substantial effective widths were realized anyway—
considerably beyond the 4.8-m girder spacing maximum
investigated in the parametric study presented earlier.

Table 11 summarizes the values of effective width extracted
from all three regions of all five cable-stayed bridges ana-
lyzed. As in the main parametric study, the short wide bridge
(Bridge 8_15) had the smallest effective width.

Figures 62 through 72 show the variation of effective width
ratio b,;/b along the length in representative regions of the
first four bridges. Figure 73 shows the variation of effective

The remaining bridges analyzed included the following in
addition to steel multi-girder bridges with geometric parame-
ters beyond those of the parametric study presented earlier:

e Two-girder continuous steel girder bridges with both
cast-in-place and prestressed deck slabs and very wide
(7.68-m) girder spacing,

e A continuous hybrid steel girder bridge,

e Simply-supported and continuous tub-girder bridges, and

e Simply-supported and continuous prestressed bulb-tee
girder bridges.

Full effective slab width was obtained for all these cases.
Further details on the validation cases appear in Appendix J.

Copyright National Academy of Sciences. All rights reserved.
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Figure 50.  b,;/b and bending moment versus x/L for the multiple-span continuous cases (Span 2 loading, interior
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Figure 53.  b.;/b and bending moment versus x/L for the multiple-span continuous cases (right bridges, exterior
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Figure 54.  b.;/b and bending moment versus x/L for the multiple-span continuous cases (skewed bridges, exterior
girder, negative moment, Service II).
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TABLE 9 Effective slab width ratio (b,;/b) for multiple-span continuous bridges
(negative moment)
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Bridge Interior Girder Exterior Girder
ID 09L, [095L, | 1.0L; |0.05L, | 0.1 L, | 09L;, [ 095L; | 1.0L, | 0.05L, | 0.1 L,
CS-01 | 0.90 1.00 1.00 1.00 0.80 1.00 1.00 1.00 1.00 1.00
CS-03 | 0.92 0.92 0.92 0.92 092 | 0.87 0.87 0.87 0.87 0.87
CS-07 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-09 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-19 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-21 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-25 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-27 | 1.00 1.00 1.00 1.00 0.95 1.00 1.00 1.00 1.00 0.95
CS-41 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CS-55 | 0.80 0.90 1.00 0.80 0.75 | 0.90 0.95 1.00 0.95 0.90
CS-57 | 0.75 0.75 0.75 0.75 0.75 | 0.93 0.97 1.00 1.00 0.90
CS-61 | 0.80 0.90 1.00 1.00 0.91 0.96 0.98 1.00 1.00 0.90
CS-63 | 0.70 0.73 0.70 0.73 0.73 | 0.80 0.90 1.00 1.00 1.00
CS-73 | 0.80 0.90 1.00 0.90 0.82 1.00 1.00 1.00 1.00 1.00
CS-75 | 0.85 0.85 0.85 0.85 0.85 1.00 1.00 1.00 0.90 0.80
CS-79 | 0.94 0.95 0.96 0.95 0.98 1.00 1.00 1.00 1.00 1.00
CS-81 | 0.97 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
TABLE 10 Cable-stayed bridges investigated
Bridge ID Overall Main Edge Girder Deck Slab
Length Span Spacing Thickness

(m) (m) (m) (mm)

8.8 495 255 16 250

8_15 735 375 30 250

12_8 495 255 16 250

12_15 735 375 30 250

Cooper River 867 471 38.4 240

e

738 m

1% m

Figure 55.  Side views of Bridges 12_8 & 12_15 (total length = 735 m)
and Bridges 8_8 & 8_15 (total length = 495 m).

Copyright National Academy of Sciences. All rights reserved.
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Figure 56. Elements composing the global model; close-up of the area near the cable.
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Figure 57.  Transverse distribution of normal stresses in the middle of Bridge 12_15
(3-D plot).
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Figure 58.  Transverse distribution of normal stresses in the positive moment region
close to the support of Bridge 8_15 (3-D plot).
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Figure 59. Transverse distribution of normal stresses in the negative moment
region close to the support of Bridge 12_15 (3-D plot).
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Figure 60. Transverse distribution of normal stresses in the
positive moment region close to the support of the Cooper River
Bridge (3-D plot).
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Figure 61. Transverse distribution of normal stresses in the
negative moment region close to the support of the Cooper River
Bridge (3-D plot).
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TABLE 11 Cable-stayed effective width FEM results

Bridge ID Girder Spacing beti/b
S (m) Type I Region | Type Il Region | Type III Region
8_8 16 1.0 0.95 0.82
8_15 30 1.0 0.95 0.68
128 16 1.0 0.99 0.90
12_15 30 1.0 1.0 0.80
Cooper River 38.4 0.99 0.99 0.83

Copyright National

Academy of Sciences. All rights reserved.
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Figure 62. Longitudinal distribution of the normalized
effective width for Bridge 8_8 (Region I).
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Figure 63.  Longitudinal distribution of the normalized
effective width for Bridge 8_8 (Region II).
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Figure 64. Longitudinal distribution of the normalized
effective width for Bridge 8_8 (Region III).
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Figure 65. Longitudinal distribution of the normalized
effective width for Bridge 12_8 (Region I).
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Figure 66. Longitudinal distribution of the normalized
effective width for Bridge 12_8 (Region II).
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Figure 67. Longitudinal distribution of the normalized
effective width for Bridge 12_8 (Region III).
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Figure 68. Longitudinal distribution of the normalized
effective width for Bridge 8_15 (Region I).
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Figure 69. Longitudinal distribution of the normalized
effective width for Bridge 8_15 (Region II).
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Figure 70.  Longitudinal distribution of the normalized
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INTERPRETATION, APPRAISAL, AND APPLICATIONS

3.1 INTRODUCTION

The objectives of this study were to propose criteria for
effective width provide recommended specifications and
commentary and provide worked examples illustrating the
use of those proposed new criteria. Draft criteria were devel-
oped based on applying regression approaches and account-
ing for the different subsets of the parameters varied in the
parametric study described in Chapter 2. Effects of those
criteria were assessed, using the Rating Factor (RF) as the
measure of effect. Based on the assessment, draft criteria are
recommended and illustrated in the context of positive and
negative moment region worked examples.

3.2 ASSUMPTIONS AND IMPLICATIONS

Some key, almost paradoxical, assumptions underlie the
use of the notion of effective slab width, e.g.,

1. Even with the sophisticated computer-aided analysis
available for bridge design in the 21st century, tradi-
tional line-girder analysis provides an ongoing useful
context for analyzing steel girders acting compositely
with concrete decks.

2. Given that the context of analyses based on effective
width is single member line-girder analysis, analyses
based on effective width are not appropriate for use in
situations where a line-girder analysis is insufficient
and a system analysis is thus considered necessary.

3.2.1 Some Implications of Line-Girder
Analysis Limitations

Beyond line-girder analysis, system analysis is generally
considered necessary in the following kinds of situations:

e Highly skewed and curved girder bridge analysis and
design,

o After-fracture redundancy and load redistribution analy-
sis where required (e.g., Daniels et al., 1989), and

e Detailed design stages for systems where second-order
effects can be important, e.g., cable-stayed bridges.

Given that a simplistic line-girder analysis is insufficient
for such situations, the use of idealizations that inherently
assume line-girder analysis (such as effective slab width) may
be considered questionable at best in these kinds of situations.

3.2.2 Some Implications of Wide
Girder Spacing

The 12t limitation clearly can be removed. Given that the
challenge to the 12t limitation arises, for typical deck thick-
nesses, in the context of girder spacings wider than 3 m (10 ft)
or so, additional implications of wide girder spacings are also
of interest. Some of these implications are as follows:

e The empirical method of deck design is prohibited by
AASHTO for use beyond a girder spacing of 4.1 m
(13.5 ft.) [AASHTO LRFD S9.7.2.4]. Thus, methods of
traditional design, prestressed design, and system analy-
sis of decks that go beyond line-girder analysis (e.g.,
grillage and finite strip) must be used to design the actual
decks. Given that these methods typically go beyond
line-girder analysis, some may ask why it should still be
permissible to use line-girder analysis for the in-plane
analysis of the composite girders supporting the result-
ing decks.

¢ The use of the line-girder-oriented distribution factor for-
mulas is prohibited by AASHTO for use beyond a girder
spacing of 4.9 m (16.0 ft) [AASHTO LRFD $4.6.2.2].

e The possible interaction of plate bending with in-plane
“effective width” behavior increases. This interaction is
a possible explanation of the “negative shear lag” evi-
dent in some of the cable-stayed bridge analysis results
presented in Chapter 2.

e Longitudinal shear forces that get “funneled” into the
shear connectors increase. Whether the current AASHTO
shear stud design criteria still apply, in HPS and HPC
composite combinations, may need to be revisited.

Some of these implications of the use of wider girder spac-
ings in conjunction with high-performance steels and con-
cretes point to the need to re-examine existing AASHTO
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design criteria and the limits of their applicability (e.g., shear
connector design criteria, limits of applicability of empirical
deck design methods, and transverse load distribution factors
for line-girder analyses). For this study, it was assumed that
current AASHTO criteria for such concerns apply, including
skew corrections.

3.3 DESIGN CRITERIA DEVELOPMENT

Candidate design criteria were derived by performing
regression analyses based on the b,;/b values extracted from
the finite element parametric study in the vicinity of the
maximum positive and negative moment sections. Candidate
effective slab width criteria for positive moment sections
were derived initially from the simple-span cases, while the
candidate effective slab width criteria for negative moment
sections were derived from the multiple-span continuous
cases. The b,;/b values from positive moment sections of the
multiple-span continuous cases were used to validate the can-
didate effective slab width design criteria obtained from the
simple-span positive moment cases.

The parameters appearing in the regression equations were
indeed the main variables of interest in the parametric study:

e Span length L (exterior span length L; in continuous-
span bridges),

e Span ratio L,/L, in continuous bridges, where L, is the
length of the interior span,

¢ Girder spacing S, and

e Skew angle 6.

Various regression equations were generated for interior
and exterior girders (separately and with the data combined)
using various subsets of the above set of parameters. These
regression equations were generated using the general-purpose
statistical software package SPSS. Comparisons between
these various equations and the FEM-extracted values of
effective width ratio b,;/b are given in Appendix K. For the
suite of continuous bridges, candidate criteria (regression
equations) appear as most unconservative in the case of the
CS-75 bridge, which has a short span length, wide girder
spacing, and high skew angle.

Results of bridges from the validation cases described in
Appendix J are also compared with the various candidate
effective width criteria. The span ratio parameter, L,/L,, is
found in all cases to have minimal effect. Thus it can be
removed entirely from the candidate regression criteria. Sift-
ing through the large set of possible criteria and narrowing
the list of candidates down to the criteria proposed subse-
quently required a sound methodology and rationale that could
identify the best design criteria. Accordingly, the approach to

select the criteria was based on the results of impact assess-
ment using Process 12-50, which is described next.

3.4 IMPACT ASSESSMENT OF CANDIDATE
DESIGN CRITERIA

The 12-50 Process (NCHRP, 2003) was originally used for
the validation of bridge software. Other possible uses of this
process are to determine whether the proposed code changes
accomplish the desired objectives and to prevent problems
from arising because of changes made by specification writ-
ers. The potential benefit of this process comes from specific
test computations on real and derived bridges before imple-
menting specification changes. Because flexural design of the
section is the primary focus of interest when considering effec-
tive width, the sectional flexural capacity and stress in flanges
would be the major parameters in test computations. For this
reason, the familiar notion of rating factor (RF) is the mea-
sure taken to quantify the effect of proposed changes to
effective width provisions.

The 12-50 process was used not only to assess the effects of
the final recommended provisions but also to narrow the selec-
tion process among various different proposed provisions. The
winnowing process was based on balancing the degree of
effect against the simplicity of the proposed provisions.

3.4.1 Process 12-50

In the 12-50 process, the bridge analysis and design process
is divided into manageable computational domains. Within
each of these smaller subdomains, the task is described in
parametric form. Therefore, the main procedure in each sub-
domain involves generation of required data for given input
parameters.

Bridges in the test suite are selected and their ratings are cal-
culated on the basis of current and proposed effective flange
width provisions. The two corresponding rating factors are
compared to investigate the significance of code change at
critical sections in each bridge. The method of comparison is
based on the percentage difference between two results. The
existing and new criteria generate results (e.g., stress and
moment) at n points in a girder, which in general are termed
as g; and b; (i = 1,2,..., n). In the present study, the a; repre-
sents a rating factor based on existing effective width crite-
ria, and the b; represents a rating factor based on proposed
new criteria. At each point, the absolute average quantity, m;,
is calculated as

Copyright National Academy of Sciences. All rights reserved.
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The difference between a; and b; can be calculated by two
methods. The first method (p,) uses the absolute average at
that point. The second method ( p,) uses the maximum absolute
average, M, for the calculation:

M = max (m)
pr(%) =" 100
pz(%)zaim;biXIOO

1

Therefore, if p; or p, is larger than the threshold accept-
able percentage (puun), then the two results are concluded
as different.

Comparisons based on p; are tallied in Appendix L. These
tallies show that p, values based on full width are very close
to p; values based on more accurate (and more complex) can-
didate formulations for effective width. These tallies also
show that all effects are rather minimal except for a few wide-
girder spacing configurations in negative moment regions.

3.4.2 Rating Factor in LRFR

The general expression for rating factor in LRFR is as
follows:

C—YDCDC—YDWDWJ_rpr

R rarr = VL LL(1+ M)

where

C capacity (C = dcd,d X R: Strength limit state, C = fx:
Service limit state)
Jr allowable stress specified in the LRFD code

R nominal member resistance

DC  dead-load effect due to structural components and
attachments

DW  dead-load effect due to wearing surface and utilities

P permanent load other than dead loads

LL  live-load effect

IM  dynamic load allowance

Yoc  LRFD load factor for structural components and
attachments

Yow  LRFD load factor for wearing surfaces and utilities

Yr LRFD load factor for permanent loads other than
dead loads (1.0)

47 evaluation live-load factor

Oc condition factor

O system factor

[0} LRFD resistance factor
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Thus, when the Service II limit state is applied, the fol-
lowing equation will be used:

rp. - C=1.0xDC-1.0xDW
LR 13X LL(1+IM)

For the Strength I limit state, inventory-based load factors
are used with ¢ = 1.0 and ¢5 = 1.0. Therefore, the resulting
equation is

RE. —C=125xDC-1.5x DW
Hr 175X LL(1+IM)

The effective flange width of a composite girder increases
as stress at the section increases. This is the rationale for
developing proposed provisions based on the service limit
state at the positive moment section. Consequently, Service
IT limit state based rating values are used for impact assess-
ment, in particular, at positive moment sections. This section
is generally designed as a compact section, and stress of the
bottom flange at the Service II limit state typically governs
the design. For the design of negative moment sections, gen-
erally noncompact sections are used. Therefore, stress devel-
oped for the Strength I limit state governs the design of neg-
ative moment sections.

Rating factors for positive moment sections are calcu-
lated using MathCad worksheets developed for design of
the bridges (Appendix O). For negative moment sections, the
OPIS program is used in which BRASS-GIRDER (AASHTO,
2004) performs the actual analyses.

3.4.3 Positive Moment Regions

Eight simple-span bridges were selected for the impact
investigation in positive moment regions. Service II rating
factors of interior and exterior girders were calculated for
five different candidate effective width provisions. Based on
calculated p, values, the impact in positive moment regions
is not significant. The maximum p, value for interior gird-
ers is 3.5 percent, and the maximum for exterior girders is
2.9 percent—where both these maximum values occur for
the full width candidate. That is, more complicated curvefit
expressions have less error. Details on these results appear in
Appendix L.

3.4.4 Negative Moment Regions

Sixteen bridges were selected for the impact investigation
in negative moment regions. Strength I and Service II rating
factors were calculated for eight different candidate effective
width provisions. Service II rating factors, as in the positive
moment region, show minimal impacts as measured by p,.

Copyright National Academy of Sciences. All rights reserved.
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But a few of the Strength I based rating factors show signif-
icant reductions in p;. This is the first of two concerns that
arise in negative moment regions but have no counterpart in
positive moment regions.

At the Strength I limit state, whether the rating factor
increases or decreases depends on whether a section that
was compact (under the old b,,/b criteria) stays compact
(using widened value of b,;/b) or whether it becomes non-
compact. Under service conditions, a widened effective
width results in an increased rating factor for both compact
and noncompact sections. At the Strength I limit state, how-
ever, what happens to the rating factor depends on whether
the section becomes noncompact only using a widened effec-
tive width.

The second concern is whether the section is considered as
composite and how that compositeness is provided. These
two concerns are described next.

3.4.4.1 Webs Made Noncompact

The impact on a strength-based rating factor is substantial
when a web that is compact according to the current AASHTO
criteria for effective width becomes noncompact according
to the proposed full width for effective width. The reasons for
this substantial impact are that

e Compact sections can use the full plastic moment for
their nominal moment strength and

e Noncompact sections are limited to an elastic stress dis-
tribution as the basis for their nominal moment strength.

Paradoxically, the result is that by adding material (to the
effective width), flexural resistance has actually decreased—
all because a previously compact section is caused to become
noncompact by virtue of the raising of the neutral axis which
in turn is caused by the widened effective slab width. This is
by far the most significant downside impact of the prospect
of having widened effective width. There is no correspond-
ing impact when comparing service rating factors because at
service, the stress distribution on the cross section is, of course,
always based on elastic analysis.

This downside impact, however, is not considered a com-
pelling reason to avoid changing the effective width criteria.
The following reasons exist for proceeding with a liberalized
effective width criterion:

e The downside impact occurs only for the bridges in the
parametric study that have very wide girder spacings
[S=4.8m (16 fv)].

e Based on the results of the survey reported in Appen-
dix A, probably no existing bridges in the nationwide

inventory have girder spacings that wide as well as com-
posite design in the negative moment region.

e Negative moment regions of plate girder bridges designed
according to industry guidelines would normally have
noncompact webs anyway.

Thus, there are believed to be few if any existing bridges
whose ratings would suddenly be reduced by imposing a wider
effective width.

3.4.4.2 To Stud or Not To Stud

Although one of the experimental specimens investigated
in this study deliberately omitted the placement of shear con-
nectors in the negative moment region, there are at least the
following reasons to install shear studs in the negative moment
regions of composite girders:

e To maintain consistent design philosophy and practice
regarding “composite” design, and
e To resist transverse seismic loads reliably.

Composite Design Philosophy and Practice. For the slab to
be acting (such that part of it can be “effective”), it must be
acting compositely with the steel girder. Thus, the funda-
mental premise of this entire investigation (“Effective Slab
Width of Composite Steel Bridge Members™) has been that
behavior is composite. Designers naturally and properly con-
sider this composite action to be delivered by shear connec-
tors. Conversely, configurations without the shear connectors
are naturally and properly considered to be noncomposite.
Thus, even to consider the notion of effective slab width
in negative moment regions without shear studs makes
no sense.

Complicating this issue is the ambiguity of the current
AASHTO specifications on whether negative moment regions
without continuous shear connectors can be considered to
be composite when longitudinal deck reinforcing steel is
developed and anchored to clusters of shear connectors in
moment inflection regions. The negative moment subassem-
blage experiment conducted in this study further suggests that
composite behavior can be attained in such cases, but it is only
one specimen.

Transmission of Transverse Seismic Loads. It is critically
important that a load path be provided in a steel slab-on-
girder bridge that will allow seismic damage to be limited to
well-confined plastic hinges in the columns (current AASHTO
design philosophy as expressed in Art. 4.6.2.8) or in redun-
dant components of a bridge superstructure such as the end
cross frames (NCHRP Project 12-49 design philosophy). In
either case, given that the bulk of the superstructure mass is
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in the deck, shear studs in the negative moment regions pro-
vide an essential element of the required load path (Carden
et al., 2003). Concerns about fatigue in the shear stud welds
in negative moment regions need not prevent welding to the
top flange altogether.

3.4.5 Shear Connector Impact

At first glance, one might expect a wider effective slab
width to cause more demands on the shear connectors, in order
to develop that wider effective slab. The impact of wider b,
on shear connector layout, however, is surprisingly minimal.
The reason for this minimal impact apparently stems from
offsetting effects. Shear connectors are designed to resist the
longitudinal shear flow and are typically governed by fatigue
rather than strength. At the fatigue limit state, elastic analy-
sis is performed, where the longitudinal shear flow is given
by the familiar equation VQ/I, where I is the moment of iner-
tia of the short-term composite section and Q is the first
moment of the transformed area of the slab. A wider b,
increases both Q and I, thus producing offsetting effects.

Several bridges with wide (4.8 m = 16 ft) girder spacings
were investigated regarding their shear connector layout in
Appendix L. The most significant impact on shear stud lay-
out was for the longest spans investigated (60 m = 200 ft).
Even in this case, however, the required shear stud pitch
decreased only 10 percent.

3.5 PROPOSED DESIGN CRITERIA
3.5.1 Slab-on-Girder Bridges

Based on the impact assessment of various candidate
effective width criteria according to Process 12-50 principles
using Rating Factor as the measure of comparison, the addi-
tional accuracy achieved by the more complicated formula-
tions is minimal. Thus, this simple formulation is recom-
mended instead: “for both interior and exterior girders
designed to be composite sections, the effective flange width
may be assumed equal to the physical flange width.” This
recommendation should be limited to the parameter range
used in the parametric study on which it is based:

¢ Girder spacing S < 4.8m (16 ft)
e Span Length L < 60m (200 ft)
e Skew Angle 6 < 60°

The skew angle 0 here is defined as it is in AASHTO
LRFD Chapter 4, such that 0 deg skew is a right bridge align-
ment. Further discussion of the rationale and justification for
this recommendation is provided in Appendix M.
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Bridge engineers may encounter situations beyond the
range of values investigated in the parametric study. The fol-
lowing brief discussion addresses these situations.

3.5.1.1 Span Length L > 60 m (200 ft)

There is no reason to expect that spans longer than 60 m
(200 ft) would not behave similarly to 200 ft spans. The span
length limit could be relaxed, since in the parametric study
presented herein it was found that the longer the span (or,
more accurately, the greater the length/width ratio), the more
we can be sure that the full width is effective. The reason for
specifying the 60 m (200 ft) span length as a limit is that the
parametric study did not consider longer spans.

3.5.1.2 Girder Spacing S > 4.8 m (16 ft)

In the parametric study conducted herein, a small number
of cases were analyzed with § > 4.8 m (up to S =7.6 m). For
those few cases, there was no indication that effective width
should be taken as less than full width. However, they were
only a few cases.

3.5.1.3 Skew Angle 6 > 60°

In the parametric study, no cases were analyzed with skews
greater than 60 degrees. What happened with the 60-degree
skews analyzed was that although effective width was typi-
cally somewhat less than full width, moments extracted from
the FEM model were less than moments that would be pre-
dicted by a line-girder analysis (with AASHTO 2004 skew
correction factors for the transverse live-load distribution fac-
tors). Thus, if the designer assumed full width but also used
line-girder analysis, there were offsetting errors. The small
impact of these offsetting errors on rating factor were such that
they allowed use of full effective width. Presumably, such oft-
setting errors could reasonably be expected for skews greater
than 60 degrees. Of course, if the ongoing NCHRP Project
12-62 develops more significant skew correction factors for
the AASHTO LRFD transverse live-load distribution factors,
then there may not be such offsetting effects.

3.5.2 Cable-Stayed Bridges

In light of the results tallied in Table 11 for the first four ana-
lyzed cable-stayed bridges and the longitudinal variation of
effective slab width seen in Figures 62 through 72, a reason-
able and conservative lower bound set of effective width val-
ues for cable-stayed bridges may be summarized as follows:


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

64

e (0.90 for regions away from the towers, and
e (.70 for regions close to the towers.

The above values are suitably conservative for the verifi-
cation case (Cooper River Bridge) as illustrated in Figure 73.
For Cooper River as in Byers’ bridges, there was high nor-
malized effective width (close or equal to 1) in most regions
away from the towers and a bit lower (but still high—higher
than 0.70) in regions close to the pylons.

The above values are recommended for use in cable-stayed
bridges with the characteristics of those analyzed in this
work. This means that they address bridges with the follow-
ing characteristics:

e Semi-harp cable pattern with two planes of cables;

¢ Relatively thin concrete slab (approximate thickness 240
to 250 mm, 9.5 to 10 in.);

e Cable spacing approximately 10 percent of the back span

The last column of the table lists the performance ratios for
the current 12t limited effective width provision in the code.
Given that the example bridge has a girder spacing of 3.69 m
(12 ft 1'/4in.), the proposed full-width adds approximately
1 m to the effective width of the slab specified by current
AASHTO LRFD provisions, in both the positive and nega-
tive moment regions.

The effect of this increase in effective width can be assessed
by comparing the last two columns of the table, which were
both computed for the same trial steel section. Overall, the
comparison suggests that the effect of the increase in effec-
tive width for this example is minimal—safety margins are
increased, but only slightly. The example suggests that for
such a girder spacing, it is likely that no designer would make
any changes to flange and web plate sizes based on the liber-
alized effective width. Interestingly, even the web bend-
buckling performance ratio is not adversely affected in the
negative moment region. Evidently, the increase in the
moment of inertia / (which reduces the applied web stress

length; and ' ) ) ferw) more than offsets the increase in the depth of the com-
. Floo.rbeam spacing approximately one-third of the cable pression portion of the web D, (which reduces the web
spacing.

3.6 IMPLEMENTATION EXAMPLE

Two worked examples of design calculations based on
AASHTO LRFD provisions were prepared to illustrate use of
the proposed new effective width criteria based on full width.
One of these was in the positive moment region of a continu-
ous hybrid girder, while the other was in the negative moment
region of a hybrid girder. Both examples are provided in
Appendix O.

Table 12 summarizes flexural performance ratios associ-
ated with the limit state checks that are influenced by the
effective width. By “flexural performance ratio” is meant the
ratio of applied bending stress (or moment) to resisting bend-
ing stress (or moment) capacity, at applicable limit states.

bend-buckling strength F,,.,).

3.7 SUMMARY

The full width being proposed here for composite bridge
members subject to the limits of the parametric study (S <
4.8 m, L<60m, 0 <60°) is in fact the most liberal of all effec-
tive width provisions in all known international codes. This
proposal is based on an extensive and systematic investigation
of bridge finite element models that are more sophisticated
than the models upon which other codes are based, that are cor-
roborated by experimental results both by others and by the
authors, and that explicitly investigate the negative moment
region much more extensively than previous researchers
have done.

TABLE 12 Flexural performance ratios in worked examples

Limit State Region Component Proposed Current
Top Flange 64.7% 69.1%
Positive
Bottom Flange 92.9% 93.8%
Service II Top Flange 55.5% 58.6%
Negative Bottom Flange 66.3% 67.7%
Web-Bend-Buck 87.2% 89.0%
Positive (Compact) 90.2% 91.3%
Strength I Top Flange 92.3% 96.7%
Negative
Bottom Flange 95.8% 96.7%

Copyright National Academy of Sciences. All rights reserved.
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In summary, the process that has been followed in arriv-

ing at the proposed full width criteria has involved each of
the following:

e Formulating a new definition of effective width which
for the first time accounts for the variation of stresses
through the deck thickness as well as both moment and
force equivalence between the finite element model and
the line-girder idealization wherein b, is used;

e Performing judicious finite element modeling and analy-
sis, using appropriate levels of detail (e.g., approximat-
ing “smeared” rather than discrete deck rebar and crack-
ing, yet explicitly representing deck thickness using four
brick elements through the thickness);

e Corroborating that finite element modeling approach
with experimental data produced by others as well as by
the authors;
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Designing a suite of bridges according to industry guide-
lines to support the parametric study;

Performing a systematic parametric study of finite ele-
ment models of these bridges that produced results from
which effective widths according to the new definition
could be methodically extracted;

Formulating various candidate criteria for effective
width, based on regression analysis, that intentionally
span the gamut between simplicity and accuracy;
Applying Process 12-50 in a systematic assessment of
impact of those various candidate criteria in order to
recommend which criteria were most appropriate;
Proposing specific draft code and commentary language
for implementing those criteria in AASHTO LRFD Arti-
cle 4.6.2.6.1, for consideration by the AASHTO Sub-
committee on Bridges and Structures; and

[lustrating the use of the recommended criteria in the form
of comprehensive worked design calculation examples.
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CHAPTER 4

CONCLUSIONS AND SUGGESTED RESEARCH

4.1 CONCLUSIONS

This study has resulted in the recommendation that full
width may be used for effective width in composite steel
bridge members for most situations of practical interest. This
recommendation was determined to be suitable for the Ser-
vice as well as Strength limit states, for exterior as well as
interior girders, and for skewed as well as right alignments.

The simplicity of this recommendation results from an
extensive set of analyses on various bridge configurations cul-
minating in the following two consistently observed trends:

e Full width was typically acting at cross sections where
it was most needed, i.e., where moments and hence per-
formance ratios would be highest; in the cases where the
effective width was less than full width at such cross
sections, that cross section had considerable excess flex-
ural capacity, and

e An extensive “impact analysis” based on Process 12-
50 principles revealed that more cumbersome curvefit
expressions for effective width, although more accurate,
were not significantly so in terms of the governing rat-
ing factor (RF) of the bridge investigated.

Based on a limited number of studies of prestressed con-
crete girder configurations producing similar results, the above
simple criterion is thought to be reasonable for such config-
urations as well.

The very notion of effective width presumes composite
behavior. A question addressed in one of the experiments
performed herein is whether composite behavior can legiti-
mately be assumed in negative moment regions without con-
tinuous shear connectors. It would appear that composite
behavior can be attained in negative moment regions, even
without shear studs being distributed throughout the negative
moment region, as long as the longitudinal reinforcing steel
is properly anchored and developed. This observation, how-
ever, is based on only a single experimental specimen.

4.2 IMPLEMENTATION PLAN

It is recommended that the AASHTO Subcommittee on
Bridges and Structures (SCOBS) consider the draft revisions

to Article 4.6.2.6.1 of the LRFD Specifications and Com-
mentary as developed herein. These provisions in LRFD two-
column format are provided herein on pp. M-7 and M-8 of
Appendix M.

4.3 SUGGESTED RESEARCH

4.3.1 Bridge Types and Geometries
Not Considered Herein

1. Tied-arch bridges were not explicitly modeled in the
FEM studies performed herein. It is not known how
the presence of net tension in the floor system of such
bridges will affect the effective width. Various deck-
ing options should be considered in this context (e.g.,
cast-in-place and precast prestressed longitudinally
post-tensioned).

2. Curved bridges present another situation of interest.
The forthcoming 2005 Interims to the AASHTO LRFD
Specifications add curved girder analysis provisions to
the curved girder resistance provisions that were in the
3rd Edition of the Specifications in 2004. It is generally
agreed that a curved girder bridge should be analyzed
as a system, such that line-girder simplifications (where
effective width is used) would not apply. Approximate
methods, however, are explicitly permitted in the 2005
Interims for use in analyzing curved girder bridges.
One such approximate analysis method is the V-Load
method. The V-Load method idealizes the curved girder
as a straight girder subjected to vertical (V) loads applied
at diaphragm locations to complement gravity loads.
Engineers using the V-Load method will want to know
what value of effective width to use for resisting super-
imposed dead-load and live-load effects on the com-
posite section. The research reported herein simply does
not address that question.

3. A third situation not explicitly investigated herein is
where decks are longitudinally prestressed. Such decks
would be designed not to crack under service loads.
Whether the effective width of such decks remaining
uncracked at the critical cross section in negative
moment regions extends to the full width is an impor-
tant question. This question was beyond the scope of
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the parametric study conducted herein and should be
investigated. Although it is worth mentioning that while
investigating the negative moment region prior to crack-

ing, the observation was that an apparent smaller b,

than that of a cracked section whereby the rebars are
fully engaged in taking the tensile stresses.

4. A fourth situation involves bridge decks that do not
have solid thicknesses that meet or exceed the mini-
mum depth of 175 mm (7 in.) specified in Article 9.7.1.1
of the AASHTO LRFD Specifications. The FEM analy-
ses upon which this report’s recommendations are based
all presumed solid deck thicknesses meeting or exceed-
ing this minimum depth requirement. Situations with
other types of decks are thus not included within the
scope of the recommendations and therefore should be
investigated independently.

5. The research results presented herein focused primarily
on slab-on-girder systems. Whether the effective width
provisions for slab-on-girder systems can or should be
reconciled with the effective width provisions for seg-
mental prestressed concrete box girders is a reasonable
question. Posited another way, for example, why should
a deck in a segmental box girder experience shear
lag differently than a deck in a tub girder? One would
not expect a difference, which means that one would not
expect a different criterion for effective width. Yet there
was no attempt in the present study to reconcile its
results with existing provisions for segmental box
girders.
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to live load and because Byers (whose results served as
a basis for comparison with ours) did not use live load
either. Thus, it would be of interest to investigate the
live-load influence on the effective width.

¢ Influence of cable tensioning during construction on
b4 Construction steps were not considered in this work.
Investigating their influence on b, is recommended.

e Negative shear lag in cable-stayed bridges: The phe-
nomenon has been observed in various types of struc-
tures, and further research on the subject is recom-
mended as far as cable-stayed bridges are concerned.

¢ Single versus dual effective width: A single value of
effective width was evaluated herein. Attempts to sepa-
rate normal stresses into their “axial” and their “flexural”
components are also recommended for future research
although the difficulty of the task is recognized.

e Impact assessment in terms of rating factor: As was
done for the more common slab-on-girder cases, it would
be of interest to investigate how the proposed values of
effective width in cable-stayed bridges affect analysis
results as measured by rating factor.

¢ A wider range of bridge geometries and cable config-
uration: For example, in this project the bridges investi-
gated (other than the Cooper River Bridge) were no more
than 30 m (100 ft) wide. It would be of interest to deter-
mine values of effective width for additional bridges
wider than 30 m and for bridges with different cable
patterns, cable spacing, floorbeam spacing, slab thick-
ness, and so forth.

4.3.2 Bridge Types and Geometries
Considered Herein

4.3.3 Recommendations Originating
from Experimental Investigations

Within the framework of the parametric study and addi- From the experimental studies conducted as part of this
tional cases examined herein, further investigation may be research, the following recommendations for further research
appropriate beyond the range limits adopted in this study, i.e., arise:

e Research is recommended for evaluation of instrumenta-
greater than 3.6 m (12 ft) for prestressed girders, tion used for measuring strain on rebars that are embed-
e Span lengths greater than 60 m (200 ft), and ded in concrete.
e Skew angles greater than 60 deg. e More extensive study, including evaluation of rebar
strains, of intentionally composite versus noncomposite
slab-on-girder specimens would be valuable. Ideally the
specimens would be multi-girder systems. Investiga-
tions and comparisons of global and local composite/
noncomposite behaviors would be useful. As mentioned
in the literature review, AASHTO is confusing on the
point of composite behavior relating to shear stud design.
Itis recommended that research in this area includes eval-
uation of situations and/or loading that allow noncom-
posite beams to be evaluated as composite. Surely the
details of the steel-concrete bond surface would be of
interest since various conditions exist at that location in
the field. Perhaps a FEM model with interface elements

e Girder spacings farther apart than 4.8 m (16 ft), or in fact

Although prestressed concrete girder configurations and
cable-stayed bridges were considered in this study, only a
few such cases were explicitly examined. Expanding the num-
ber of analyses on these types of bridges in order to modify
or increase the credibility of the recommendations contained
herein for these types of bridges may be desirable.

For cable-stayed bridges, the following are suggested as
areas for further research regarding effective width:

¢ Live-load placement influence on effective width: No
live load was considered in the present study because
the dead load is very large in such structures with respect
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only in the shear stud cluster region would be in order
since there was no contact in certain regions of the non-
composite specimen during later levels of loading in the
experiment. This report presents only comparison of one
composite specimen to one noncomposite specimen, so
it is unreasonable to assume that the material presented
here applies to all conditions.

e Further investigation of crack patterns and how they

relate to composite beams versus slip regions of non-
composite beams with developed rebar may be useful
in developing and verifying refinements to concrete
and rebar material modeling assumptions and friction
modeling assumptions used in finite element models of
slab-on-girder bridges.
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NOTATIONS

A = area of an equivalent compressive stress block for
simple beam theory
b = total slab width
b,y = effective slab width
C,.» = total or resultant compressive force in the slab
DC = dead-load effect due to structural components and
attachments
DW = dead-load effect due to wearing surface and utilities
/7= concrete compressive strength
i = element number
I, = second moment of inertia
IM = dynamic load allowance
Mgy =bending moment at a specific cross section
L = span length
LL = live-load effect
L, = exterior span length
L, = interior span length
m; = absolute average quantity
C = capacity
D, = depth of the compression portion of the web
forne = web stress
fx = allowable stress specified in the LRFD code
Paiow = threshold acceptable percentage
p1 = absolute average percentage
p» = maximum absolute average percentage

P = permanent load other than dead loads
Q = first moment of transformed area of the slab
RF;ppr = rating factor based on LRFR provisions
R, = nominal member resistance
S = girder spacing
Swp = elastic section modulus for the extreme compres-
sion fiber
t = slab thickness
taa = Slab thickness
V = shear force
7, = location of resultant compressive force in the slab
Yoc = LRFD load factor for structural components and
attachments
Yow = LRFD load factor for wearing surfaces and utilities
v, = evaluation live-load factor
Y» = LRFD load factor for permanent loads other than
dead loads
¢ = element longitudinal stress
Omax = Maximum compressive stress at the extreme com-
pression fiber of slab
Omin = Minimum compressive stress at the bottom of the slab
0 = skew angle
¢ = LRFD resistance factor
(¢ = condition factor
05 = system factor
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APPENDIXES ATHROUGH L

Appendixes A through L are provided on the enclosed CD-ROM, CRP-CD-56.
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APPENDIX M
DRAFT CODE AND COMMENTARY LANGUAGE

M.1 STRATEGIES FOR SELECTING PROPOSED DESIGN PROVISIONS

According to Appendix K, there are several proposed design criteria derived by the regression
analyses based on the finite element analysis results from the parametric studies. The rationale
for selecting the most appropriate design equations is presented in this appendix. Two critical

sections, i.e. positive and negative moments, are considered separately.

M.1.1 Positive Moment Section

In the impact studies (Appendix L), the rating factors (RF) of all bridges were computed using
different proposed effective slab width design equations, including the current AASHTO-LRFD
Specifications. The absolute average percentage or p~value was introduced as the main
indicator of impacts from the change of specifications compared to the current code. The p,—

values for the full slab width (Equation K-9) were included.

The results from the impact studies for the positive moment section show insignificant
differences among all the proposed design equations, i.e. Equations K-3 to K-9 (full slab width).
The largest p ~value occurs on the interior girder of the SS-21 case but is less than 4% compared

to the current AASHTO-LRFD code.

Therefore, the full slab width is recommended to be the proposed design criteria for the positive
moment section for compositely designed girders.

M.1.2 Negative Moment Section

The regression analyses performed on the FEM-based effective slab width values for the

negative moment section results in several design equations which were presented in Appendix

K. There are twelve design equations listed from Equations K-10 to K-21.
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In order to choose the most appropriate equation from twelve possible equations, the selection

process would be more effective by examining the following categories.

1. Cracked versus Uncracked

From a design perspective, the critical negative moment section is located over the interior
support, i.e., at 1.0L,. The analysis results show that cracking takes place at this maximum
negative moment section at service loads. The FEM-based effective slab width values of the
cracked slab section were also used in the regression analyses. In addition, cracking of the slab
increases the effective slab width which would shift the location of the neutral axis upward and
induce larger compressive stresses in the bottom flange of the girders. There are six candidate
design equations investigated for cracked slab sections. Figure M.1 summarizes the chosen

equations during the selection process.

2. Interior, Exterior and Both Girders Criteria

The six equations mentioned above consist of two equations for interior girder only, two
equations for exterior girder only and two equations derived for both interior and exterior
girders. Tables M2 to M5 summarize the impact results of continuous bridges in terms of the
percentage absolute average which was designated as p, in Appendix L. The absolute average
values were computed based on the rating factor of bridges with the effective slab width
determined by the current AASHTO-LRFD Specifications. Hence, column 2 shows all values
of zero for the current AASHTO-LRFD Specifications. Columns 3 and 4 illustrate the absolute

average values of the FEM-based effective slab width and the full slab width.

Tables M-2 and M—4 show the impact study results in the negative moment section at the
Service II Limit State of the interior and exterior girders, respectively. Column 5 shows the
absolute average p —values based on Equation K-11 for the interior girder only and Equation K-
15 for the exterior girder only. Columns 6 and 7 show p,—values of Equations K~19 (without
L/L) and K~18 (with L/L ), respectively. The p ~values indicate insignificant differences

among all Equations based on the full slab width criteria.
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The Strength I Limit State appears to govern the design of the negative moment section for these
bridges. The p,—values of the interior and exterior girders at the Strength I Limit State are
summarized in Tables M-3 and M--5, respectively. These p~values indicate that all six design
equations can be as unconservative as 47% compared to the current specifications. However,
columns 5 to 7 show minor differences among all six equations for all bridges. Thus, having one
equation for both interior and exterior girders would not be inaccurate. Therefore, two out of six

design equations are chosen in this section (see Table M.1).

3. With Span Ratio and Without Span Ratio

There are only two design equations in this section, i.e. Equations K-18 (with L /L)) and K-19
(without L,/L)). Figures M.1(a) and M.1(b) plot the p,~values when the effective slab width
computed using Equations K-18 and K-19, for the interior and exterior girders, respectively.
The differences between the two design equations are trivial. Therefore, the span ratio parameter
(L,/L)) can be disregarded from the design equation for the sake of simplicity. The final
proposed design criteria for the negative moment section is Equation K-19 (see Table M.1).
Figure M.2 shows a three—dimensional surface and contour plots of Equation K~19 and FEM
results. Figure M.2(c) is a contour plot of Equation K-19 on L/S versus b, /b plane for different
skew angles range from 10° t050°. Crosses and circles illustrate FEM results scattering above
these straight lines, which indicates that Equation K19 is more conservative than the actual
FEM b, /b values. Similarly, Figure M.2(d) is a contour plot of Equation K-19 on & versus b, /b
plane for different L/S values range from 10 to 50. The results obtained from finite element
analyses are greater than the values computed by Equation K-19. It is noteworthy that the

maximum L/S value in the finite element analyses was 25.

In addition, the absolute average or p,~values of the full slab width also show minor differences
compared to the FEM-based p ~values, which had been treated as the more accurate values. The

largest difference in the p,—~value appears in Table M.3 for the CS-63 case (8.5%). As far as

M-3
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simplicity is concerned, the full slab width is preferable for the design of the negative moment

sections when bridges are considered to be within the range of applicability.

The proposed code language and commentary of the effective slab width are presented in the
next section and followed by the proposed modified Section 4.6.2.6 in two--column format for

the AASHTO-LRFD Specifications.


http://www.nap.edu/13853

M.2 DESIGN SPECIFICATIONS
M.2.1 Effective Flange Width

For both interior and exterior girders designed to be composite sections, the effective flange

width may be assumed equal to the physical flange width subject to the following range of

applicability.
+ L=<60m
+ §<48m
+ 62607

The slab should be assumed to be cracked when this provision is used in the negative moment

regions.
M.2.2 Commentary
The effective flange width provisions were determined by regression analyses applied to results

obtained from parametric studies of finite element models and by sensitivity analysis of various

candidate regression expressions.

For the negative moment region only, one possible alternative for determining the effective

flange width is provided by Equation M~1 and is more accurate,

by L
=0.948+0.003 — {-0.0016 (M-1)
b S
where
S = girder spacing (m)
L = span length (m)
% = skew angle (degree)
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Equation M~1 was derived by a curve—fit procedure applied to a set of bridges selected by the
design of experiment concepts. Combining the results with the impact investigations, a full slab
width can be considered as the effective flange width (b,/b = 1.0), as specified in the design
criteria. By comparing the results using the effective flange width obtained from the finite
element analyses and a full slab width, the difference can be as high as 8.5%. By using Equation
M-1, the difference can be reduced to approximately 5.9% in the worst case investigated

(NCHRP 12-58 Project).

Both the full physical flange width provision and Equation M-1 (will be called C4.6.2.6.1-1)
were formulated based on finite element models that have slab cracking in the negative moment
section under service loads. Thus, in negative moment regions these provisions should be used
assuming the slab to be cracked, i.e., the composite section to consist of the beam section and the

longitudinal reinforcement within the effective width of the concrete deck.

For bridges with wider girder spacing (up to 7.68m), the design criteria may be considered.
However, there were limited number of bridges that were investigated during the parametric
studies. Extreme caution must be taken by the designer for the use of the design criteria with the

wider girder spacing bridges outside the range of applicability.

M-6
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SPECIFICATIONS
4.6.2.6 EFFECTIVE FLANGE WIDTH
4.6.2.6.1 General

In the absence of a more refined analysis
and/or unless otherwise specified, limits of the
width of a concrete deck slab, taken as effective
in composite action for determining resistance
for all limit states, shall be as specified herein.
The calculation of deflections should be based
on the full flange width. For the calculation of
live load deflections, where required, the
provisions of Article 2.5.2.6.2 shall apply.

For beams and girders designed to be

composite sections, the effective flange width
may be assumed equal to the full flange width
subject to the following range of applicability.

e S<48m
e L<60m
s H<60°

The concrete slab should be assumed to be
cracked when this provision is used in the
negative moment regions.

COMMENTARY

C4.6.2.6.1

Longitudinal stresses in the flanges are
spread across the flange and the composite deck
slab by in-plane shear stresses. Therefore, the
longitudinal stresses are not uniform. The
effective flange width is a—redueed—swidth the
width over which the longitudinal stresses are
assumed to be uniformly distributed and yet
result in the same force as the nonuniform stress
distribution would if integrated over the whole
width.

The effective flange width provisions were
determined by regression analyses applied to
results obtained from parametric studies of
finite element models and by sensitivity
analysis of various candidate regression
expressions.

The bridges investigated in the finite
element parametric study had solid deck
thicknesses that met or exceeded the
minimum depth of 175 mm specified in
Article 9.7.1.1.

For the negative moment region only, one
possible alternative for determining the
effective flange width is provided by Equation
1 and is more accurate,

b
;ff =0.948 + 0.003[%] —0.0010<1.0

(C4.6.2.6.1-1)
where
b =full flange width (m)
§ = girder spacing (m)

- { Deleted: both

L = span length (m), the lesser of the two<«- '"‘(Formatted: Indent: Left: 0",

span lengths if the two span lengths differ

8 =skew angle (")

A _limited number of
concrete girder configurations were also
analvzed, roducin similar trends.
Combining the results with the impact

(DOE) concepts.

Hanging: 0.2"

- '( Deleted: Equation 1 was

- {Deleted: the
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| considered as the effective flange width (b,/b,

l

M-8

investigations, a full slab width can be

SPECIFICATIONS

be-tal : ];] M JAnge ;ém;
*—One-cighth-of the-effeetive-span-length;

COMMENTARY

= 1.0), as specified in the design criteria. By
comparing the results using the effective
flange width obtained from the finite element
analyses and a full slab width, the difference
can be as high as 8.5%. By using Equation 1,
the difference can be reduced to
approximately 5.9% in the worst case
investigated (NCHRP 12-58 Project).

Both the full physical flange width
provision and Equation 1 were formulated

Deleted: = 1.0), as specified in the
design criteria. By comparing the
results using the effective flange width
obtained from the finite element

based on finite element models that developed _ . - { Deleted: have

slab cracking in the negative moment section
under service loads. Thus, in negative
moment regions these provisions should be
used assuming the slab to be cracked, i.e., the
composite section to consist of the beam
section and the longitudinal reinforcement
within the effective width of the concrete
deck.

The longer spans in the finite element
parametric_study consistently exhibited full
effective width. The reason for listing a
limiting span length is that the parametric
study did not consider span lengths bevond
that limit. Similarly, the DQE portion of the
parametric study was limited fo

although full width was found to be effective
for one case with girder spacing of 7.6 m.

In calculating the effective flange width for
closed steel and precast concrete boxes, the
5 : ] oot el hei
and the spacing will be taken as the spacing
between the centerlines of boxes.

For open boxes, the effective flange width of
each web should be determined as though each
web was an individual supporting element.

A
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Where a structurally continuous concrete
barrier is present and is included in the models
used for analysis as permitted in Article 4.5.1,
the width of overhang for the purpose of this
article may be extended by:

A

Aw=-b

(C4.6.2.6.1-2)
255

where
A, =cross-sectional area of the barrier (mm?*)
1, =depth of deck slab (mm)

Table M.1: Selection criteria of the effective slab width for the negative moment section

Stages Equation Equation
Number
K-10 b
[ ] o~ 074+000d 2 1= 00020+ 0154 L2
b S L
K-11 b
[ ] 9 =0.933 +0.00 L ~0.0020
b S
K-14 b
[ ] T _ 0885+ 0002 - |- 0.00020 + 0.063 2
b S L1
Cracked Section _
[K~15] by L
=0.963 + 0.002 = |- 0.00028
b S
K-18 b,
[ ] 20 - 0.812+0.003 2 |- 0.0010 +0.100 22
b s z1
K-19 b,
[ ] 7 0.948+0.003 2 |- 0.0010
b S
K-18 b,
[ ] 24 ~0812+0.003 2 - 00010 +0.109 L2
b S L1
Both Girders K_19 b
[K-19] ;” =0.948 + 0.003[%) 0.0010
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Without L /L,

[K-19]

b
67” =0.948 + 0.003[%) -0.0010
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Table M.2: Impact study of the interior girder, negative moment section (Service IT)

Bridge ID p, % (Service I)
AASHTO FEM Full Width [K-11] [K-19] [K-18]
wioL,/L, | with /L,

Cs-01 0.0 -0.06 -0.06 -0.06 -0.06 0.00
CS-03 0.0 0.00 0.05 0.00 0.00 0.00
Cs-07 0.0 -0.55 -0.55 -0.55 -0.55 0.00
CS-09 0.0 -0.06 -0.06 -0.06 -0.06 -0.06
CS-19 0.0 -0.06 -0.06 0.00 0.00 -0.06
CS-21 0.0 -0.33 -0.33 -0.33 -0.33 -0.33
CS-25 0.0 0.03 0.03 0.03 0.03 0.03
CS-27 0.0 0.14 0.14 0.14 0.14 0.14
CS-55 0.0 0.00 0.00 0.11 0.05 0.05
CS-57 0.0 0.00 0.18 0.06 0.06 0.06
CS-61 0.0 0.00 0.00 0.00 0.00 0.00
CS-63 0.0 0.00 0.04 0.04 0.04 0.04
CS-73 0.0 -0.06 -0.06 0.06 0.00 0.00
CS-75 0.0 0.11 0.17 0.11 0.11 0.11
CS-79 0.0 0.06 0.06 -0.06 -0.03 0.03
CS-81 0.0 0.32 0.32 0.23 0.27 0.27
P (%): (RF — RE o ) %100

AVERAGE(RF . RF 51170 )

M-11
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Table M.3: Impact study of the interior girder, negative moment section (Strength I)

Bridge ID p, % (Strength I)
AASHTO FEM Full Width [K-11] [K-19] [K-18]
w/oL/L, | withL/L,
CS-01 0.0 0.3 0.3 0.9 0.9 0.3
CS-03 0.0 14.1 14.6 143 14.3 14.1
CS-07 0.0 0.4 0.4 0.4 0.4 0.1
CS-09 0.0 -45.5 -45.5 -459 -45.9 -46.5
CS-19 0.0 1.5 1.5 -1.9 -7.9 1.5
CSs-21 0.0 -27.4 274 -30.5 -29.8 -28.1
CS-25 0.0 0.1 0.1 0.1 0.1 0.1
CS-27 0.0 2.7 -2.7 -2.5 2.5 -2.7
CS-55 0.0 1.7 1.7 22 -0.8 -1.4
CS-57 0.0 1.5 4.4 2.4 3.0 2.7
CS-61 0.0 -0.2 -0.2 0.2 0.1 02
CS-63 0.0 2.1 10.6 6.8 8.0 7.4
CS-73 0.0 0.0 0.0 -1.1 -0.1 0.0
CS-75 0.0 -30.9 -30.1 -30.9 -30.6 -30.4
CS-79 0.0 0.2 0.2 -0.3 -0.1 0.1
CS-81 0.0 -0.2 -0.2 0.3 0.1 0.0
P, (%): (RF - RFAASHTO) %100
AVERAGE(RF . RF 517, )
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Table M.4: Impact study of the exterior girder, negative moment section (Service II)

Bridge ID p, % (Service II)
AASHTO | FEM | Full Width | [K-15] [K-19] [K-18]
wlo /L, | withL/L,

CS-01 0.0 -0.06 -0.06 -0.06 -0.06 0.00
CS-03 0.0 -0.25 -0.25 -0.25 -0.25 -0.25
CS-07 0.0 0.05 0.05 0.05 0.05 0.00
CS-09 0.0 -0.05 -0.05 -0.05 -0.05 -0.05
CS-19 0.0 0.00 0.00 0.00 0.00 0.00
CS-21 0.0 -0.31 -0.31 -0.31 -0.31 -0.31
CS-25 0.0 0.00 0.00 0.00 0.00 0.00
CS-27 0.0 0.12 0.12 0.12 0.12 0.12
CS-55 0.0 -0.06 -0.06 0.00 0.06 0.06
CS-57 0.0 0.06 0.06 0.00 0.00 -0.06
Cs-61 0.0 -0.17 -0.17 -0.17 -0.17 0.00
CS-63 0.0 0.00 0.00 0.00 0.00 0.00
CS-73 0.0 -0.06 -0.06 0.00 0.00 0.00
CS-75 0.0 0.10 0.10 0.05 0.05 0.05
CS-79 0.0 0.04 0.04 0.00 -0.04 0.00
CS-81 0.0 0.33 0.33 0.22 0.16 0.22
P (%) (RF ~RE im0 ) %100

T AVERAGE(RF, RF 500 )
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Table M.5: Impact study of the exterior girder, negative moment section (Strength I)

Bridge ID p, % (Strength I)
AASHTO | FEM | Full Width | [K-15] [K-19] [K-18]
WioL/L, | withL/L,

CS-01 0.0 0.8 0.8 03 0.1 -04
CS5-03 0.0 -22.9 -14.0 -16.1 -16.7 -18.7
CS-07 0.0 0.1 0.1 0.1 0.1 0.0
CS-09 0.0 -41.0 -41.0 -41.5 -41.5 39
CS-19 0.0 0.7 0.7 03 0.1 0.7
CS-21 0.0 -26.2 -26.2 -27.9 -28.5 -26.7
CS-25 0.0 0.1 0.1 0.1 0.1 0.1
CS-27 0.0 -2.4 -2.4 2.3 -2.3 2.4
CS-55 0.0 -1.7 -1.7 2.7 -4.1 -4.6
CS-57 0.0 5.8 5.8 54 4.9 4.6
CS-61 0.0 -0.6 -0.6 -0.5 -0.4 0.3
CS-63 0.0 4.7 4.7 4.7 4.9 4.4
CS-73 0.0 0.0 0.0 0.0 -0.9 0.1
CS-75 0.0 -27.9 -27.9 -28.1 -28.4 -28.3
CS-79 0.0 0.1 0.1 0.0 -0.1 0.0
CS-81 0.0 -1.2 -1.2 -1.1 -0.9 -1.0

) Pl(%):

(RF - RF AASHTO)

AVERAGE(RF.RF 5.0 )

X100
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Figure M.1:
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Figure M.2: Three—dimensional plot of the proposed design equation for the negative moment

section.
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APPENDIX N

Appendix N is provided on the enclosed CD-ROM, CRP-CD-56.
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APPENDIX O
DESIGN EXAMPLES

Appendix O has not been edited by TRB.
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Effective Slab Width for Composite Steel Bridge Members

0-2

APPENDIX O
DESIGN EXAMPLE:
Two-Span Continuous Steel Hybrid Plate Girder Bridge

0.1 Introduction

This example focuses primarily on the design of an interior girder for a two-span continuous
superstructure. The interior girder is designed according to the Third Edition of AASHTO LRFD
Bridge Design Specification (AASHTO 2004). The specifications are applied in design through a
line girder analysis.

0.2 Cross Section Description

The superstructure consists of 5 girders spaced at 3,690 mm spanning a length equal to 40 m
measured from girder abutment bearing to pier bearing. The superstructure is offset to an 18
degree skew at both abutments and at the pier. The deck consists of a 200 mm structural
thickness with a 40 mm integral wearing surface (IWS). Figure O-1 shows a typical bridge cross

section.
1200mm
480mm —— ! 3 Lanes @ 3600mm=10800mm 3000mm ~— 480mm
FWS (122.5 kg/nf)
_\ / [ 240mm w/ 40mm IWS [
TSOmm Haunch T T
600mm —=— ! 4 @ 3690mm=14760mm ! ~— 600mm

Figure O-1 Typical Bridge Cross Section

0.3 Framing Plan Description

A field splice is located in each of the two spans. The field splice provides a girder length that
can be transported and erected easily. The splices are located at a distance of 75 percent of the
span length from each abutment bearing point, which is close to the dead load inflection point.
The girder is laterally braced at a spacing of 7 meters and 6 meter in the positive and negative
moment regions, respectively. The locations of the cross frames avoid interference with the field
splice. The cross frames are oriented at 18 degrees, parallel to the skew at the support. If the
orientation of the frames exceeds 20 degrees, intermediate cross frames shall be positioned
normal to the main members. Figure O-2 shows a framing plan.

Copyright National Academy of Sciences. All rights reserved.
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End Field Pier
Bearing Splice Bearing

|

[ S

[ S i
[ L) i

=——4 at 7000 mm spacing = 28000 mm —s

30000 mm
40000 mm
Figure O-2 Bridge Framing Plan

0.4 Material Properties
High performance steel (HPS) flanges were implemented in this design. The entire length of the
bottom flange and the top flange in the negative moment regions are designed with HPS
following industry guidelines for the most economical configuration (Figure O-3). Each of the I-
section structural steels are designed with weathering steel. This design incorporates the
following structural steels:

Grade 345W : Top flange in the positive moment region and the entire web

Grade 485W HPS : Both flanges in the negative moment regions and the bottom

flange in the positive moment region
Grade 420 : Deck reinforcing steel

The concrete compressive strength is 28 MPa with a modular steel-to-concrete ratio, n=8. The

deck reinforcing steel has a minimum yield stress of 420 MPa. The deck was designed according
to empirical design criteria, which is valid between girders where internal arching can develop.

Grade 485W (Fy= 485 MPa)

T

N
N

Grade 345W (F,= 345 MPa)

Figure O-3 Hybrid Configuration

Copyright National Academy of Sciences. All rights reserved.
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0.5 Girder Elevation Description

The elevation view of the interior girder is provided in Figure O-4.

End Bolted
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Figure O-4. Elevation View of Interior Girder
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0.6 Design Assumptions

e Average daily truck traffic (ADTT) is 2500 with a 75 year design life.

e The concrete haunch is assumed to have no structural contribution to the resistance of the
girder and is assumed a constant 50 mm along the entire girder length.

e The plates and girder attachments are assumed to be five percent of the total girder
weight.

e The ratio of positive moment stiffness to negative moment stiffness is assumed equal to
one in the structural analysis.

e The future wearing surface and parapet loads are assumed to be shared equally by all
girders.

e This example assumes no lateral load will be applied to the flanges of interior girders in
either the positive or negative moment regions.

e Other design assumptions are stated within the design calculations.

Copyright National Academy of Sciences. All rights reserved.
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0-6

0.7 Notations

Variable ' .................. Description

A Fatigue detail category constant.

A e, Cross-sectional area of number 10 metric bar reinforcement.

A, Cross-sectional area of number 16 metric bar reinforcement.

A9, Cross-sectional area of number 19 metric bar reinforcement.

Aok LT e eeeeenneneeeeeeenennns Area of structural concrete effective slab for long-term composite
section.

Aok ST evvevenneeeeeeeeenennns Area of structural concrete effective slab for short-term composite
section.

ADTT...ccovveieene Average daily truck traffic.

ADTTSL vveeeieeeeiienee Average daily truck traffic for a single lane.

Af e, Cross-sectional area of bottom flange.

Aff o, Cross-sectional area of top flange.

Ay e, Area of the flange governed by the variable D,

) Cross-sectional area of girder.

Ag avg e, Averaged cross-sectional area of the girder in the positive and the
negative moment regions.

Ah oo, Area of the bottom layer of reinforcing steel within the effective
slab width.

Act e Area of the top layer of reinforcing steel within the effective slab
width.

A bottom,_min «seeeeesseeeenes Minimum cross-sectional area of bottom reinforcing steel per unit
deck width required in the negative moment region for empirical
deck design.

As_bottom_provided «-+verveeees Cross-sectional area of bottom reinforcing steel per unit deck width
provided in the negative moment region.

Ag neg min ereeeeeneinnenniins Minimum cross-sectional area of reinforcing steel per unit deck
width required in the negative moment region for empirical deck
design.

A top_min «oeeeeesiesiesiennns Minimum cross-sectional area of top reinforcing steel per unit deck
width required in the negative moment region for empirical deck
design.

A top_provided +evveevvernens Cross-sectional area of top reinforcing steel per unit deck width
provided in the negative moment region.

Age oo, Cross-sectional area of a shear connector.

Ao, Cross-sectional area of web.

ACeeemnmererenaeeeneaaeeenans Ratio of twice the area of the web in compression at the strength
limit state to the area of the compression flange. Factor used in the
calculation of Ry,.

Defferereeeeemnnieeeeeeeeeennnnn. Structural effective slab width.

Dfbeeeeneeeeeeee e, Bottom flange width.

Dt e, Top flange width.

Caee Ratio of the shear buckling stress to the shear yield strength.

Cl tereeeeeeeeeeeeeieeeeeeeaaees Skew correction factor variable.

Category......cceeeeeuennee. Fatigue detail category.

Copyright National Academy of Sciences. All rights reserved.
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Variable ' ................. Description

e, Moment gradient correction factor.

CDOLOM ++eervrermreemeenmneenmes Bottom reinforcing steel concrete cover with respect to structural
thickness.

6] D IR Factored construction dead load. Applied to the interior girder.

CL .o Unfactored construction live load.

CLiuetiiiiieeeee Factored construction live load. Applied to the interior girder.

Corbereeeeeeeeeeeeeeeeeeeeeeeeens Distance from top of the structural slab to the centroid of the
bottom reinforcing steel.

Crt veveeeeneeeeeeeee Distance from top of the structural slab to the centroid of the top
reinforcing steel.

CHOp +vveervesrmermreneiieianns Top reinforcing steel concrete cover with respect to structural
thickness.

D Total depth of web excluding flange thickness.

[« IR Height of girder. Sum of web depth and flange thickness.

dBot_Steel LT cvveeervveeernnes Distance from the elastic neutral axis of the long-term composite
girder to the bottom fiber of steel.

dBot_Steel NC eevvvveeeerrmvnnes Distance from the elastic neutral axis of the girder cross-section to
the bottom fiber of steel.

dBot_Steel STeervveeerrveeernnes Distance from the elastic neutral axis of the short-term composite
girder to the bottom fiber of steel.

De oo Depth of web in compression for the non-composite section in the
elastic range.

DC1 ittachments «-eeeeeeeeenn Unfactored load from plates and attachments. Applied to the girder
as a uniform load.

DCleiiiiiiiiiiiies Sum of unfactored non-composite section dead loads. Applied to
the exterior girder as a uniform load.

DClgirder-eveeeveveiuenuennen Unfactored load from the girder self-weight. Applied to the girder
as a uniform load.

DClhaunch «eeeveeevveveeennnns Unfactored load from the haunch. Applied to the girder a line load.

DClioiiiiiiiiees Sum of unfactored non-composite section dead loads. Applied to
the interior girder as a uniform load.

DCligipfeeeeeveiiiiiiiinnnns Unfactored load from the stay-in-place forms applied to the girder
as a uniform load.

DClgabeeeereeeeeeeeeennnnn. Unfactored load from the exterior girder slab self-weight Applied to
the exterior girder as a uniform load.

DClgabi cvvereeeeeeeeeeennnnn. Unfactored load from the interior girder slab self-weight. Applied
to the interior girder as a uniform load.

Depooiieiiiiiiiiiiiiiiiiis Depth of web in compression at plastic moment.

e v Distance from the exterior web of the exterior beam ant the interior
edge of the curb or traffic barrier.

AEbeeeeeeeeeeeeiiiieeeeeeeeeens Distance from the bottom of girder to the centroid of the bottom
flange.

Ao, Distance from the bottom of girder to the centroid of the top flange.

DFEMj..oceieeiieeeeaen. Moment load distribution factor for one lane loaded case.

DEFM i fatigue «vvevvevvevenee Moment load distribution factor for fatigue loading case.

Copyright National Academy of Sciences. All rights reserved.
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Description

Moment load distribution factor for two lanes loaded case.
Governing skew corrected moment load distribution factor. Applies
to the exterior girder.

Governing skew corrected moment load distribution factor for
fatigue loading case. Applies to the exterior girder.

Governing skew corrected moment load distribution factor. Applies
to the interior girder.

Governing skew corrected moment load distribution factor for
fatigue loading case. Applies to the interior girder.

Moment load distribution skew correction factor.

Nominal fatigue resistance.

Constant-amplitude fatigue threshold stress.

Shear load distribution factor for one lane loaded case.

Shear load distribution factor for two lanes loaded case.

Governing skew corrected shear load distribution factor. Applies to
the exterior girder.

Governing skew corrected shear load distribution factor for fatigue
loading case. Applies to the exterior girder.

Shear load distribution factor for one lane loaded case calculated
using the lever rule. Equal to DMFLever;. Applies to the exterior
girder.

Shear load distribution factor for two lanes loaded case. Applies to
the exterior girder.

Governing skew corrected shear load distribution factor. Applies to
the interior girder.

Governing skew corrected shear load distribution factor for fatigue
loading case. Applies to the interior girder.

Shear load distribution skew correction factor.

Moment load distribution factor for one lane loaded case including
multiple presence factor. Applies to the exterior girder.

Moment load distribution factor for two lanes loaded case including
multiple presence factor. Applies to the exterior girder.

Moment load distribution factor for three lanes loaded case
including multiple presence factor. Applies to the exterior girder.
Moment load distribution factor for four lanes loaded case
including multiple presence factor. Applies to the exterior girder.
Moment load distribution factor for one lane loaded case with
respect to the lever rule. Applies to the exterior girder.

Moment load distribution factor for fatigue loading case with
respect to the lever rule. Applies to the exterior girder.

Minimum of the distances between the non-composite section
neutral axis to the top and bottom of the web.

Stiffener spacing.

Depth from top of structural slab to the plastic neutral axis of the

Copyright National Academy of Sciences. All rights reserved.
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Variable ' ................. Description
composite section.

Driving .....ccccceevveeennne Distance to centroid of driving forces with respect to the lever rule.

Aitud eeeeeeeemmemneeeeeeeeeeennn. Diameter of shear connector.

Dieeeeiieiiieiieiie Depth from top of structural slab to the bottom of the girder.

dTop_Steel LT -veeveereeuenees Distance from the elastic neutral axis of the long-term composite
girder to the top fiber of steel.

dTop_Steel NC-eveevvevvenvenen Distance from the elastic neutral axis of the girder cross-section to
the top fiber of steel.

dTop_Steel NC_avg «veeveenees Averaged distance from the elastic neutral axis of the girder cross-
section to the top fiber of steel in the positive and negative moment
regions.

dTop_Steel ST wveeveereeuennnn Distance from the elastic neutral axis of the short-term composite
girder to the top fiber of steel.

iy, Distance from the bottom of girder to the centroid of the web.

ettt et et Correction factor for moment distribution in an exterior girder.

€1 cerreerreenireere e Correction factor for shear distribution in an exterior girder.

B, Modulus of elasticity of concrete.

€y crrreirnir Distance between the centroid of the non-composite girder and the
centroid of the structural deck.

BRI eveermreenmrenreenneenneenns Distance between centerline of bridge and first (exterior) design
truck.

BR2eevvreernrreennneeennreesnanes Distance between centerline of bridge and second design truck.

R 3 eeeeeemeenaeaeeeeeeenennns Distance between centerline of bridge and third design truck.

CRAweenvreesnvreenireenreesnans Distance between centerline of bridge and fourth design truck.

B, Modulus of elasticity of steel.

£ deck verrvreemmmeenieeennnnes Compressive strength of concrete deck.

1o e, Stress in compression flange calculated from M,.

e eeeeeeeeeeeeeiee e Flange bending stress neglecting lateral bending stress.

Fetooeeeeeeeeeeiieeen, Critical buckling stress.

Forw oo, Critical buckling stress of the web.

17576 I TSI UR R Stress in the compression flange calculated from unfactored non-
composite dead loads.

175161 1N ST UU R Stress in the tension flange calculated from unfactored non-
composite dead loads.

fDC2 cfereevreeninreenreennnnes Stress in the compression flange calculated from unfactored
superimposed dead loads.

EDC2 (F veeevreenrreenreennnes Stress in the tension flange calculated from unfactored
superimposed dead loads.

TDW cf veeerrreenireenieennne Stress in the compression flange calculated from unfactored
wearing surface dead load.

TDW tFeveeevreeniireenieeennes Stress in the tension flange calculated from unfactored wearing
surface dead load.

£l e Flange lateral bending stress.

Fl e The maximum stress calculated from; 1.) two times f,;g minus f,

Copyright National Academy of Sciences. All rights reserved.
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Variable ' ................. Description
and 2.) f,.

FLL IM cfeermreenmeeneennens Stress in the compression flange calculated from unfactored live
load plus impact.

FLL IV weeereemeenieeneens Stress in the tension flange calculated from unfactored live load
plus impact.

Finid ceeeveeemneeereeenieeennes Stress in compression flange calculated from My;g.

Frcee e, Nominal flexural resistance of the compression flange in terms of
stress.

FrcFIB o Nominal flexural resistance with respect to flange lateral buckling
in terms of stress.

FrcLTB covevvmmeeeeeeeeeeennnnn Nominal flexural resistance of the compression flange to lateral
torsional buckling in terms of stress.

| R Nominal flexural resistance of the compact compression flange in
terms of stress.

Frc 2o, Nominal flexural resistance of the noncompact compression flange
in terms of stress.

Frc 3o Nominal flexural resistance of the slender compression flange in
terms of stress.

L e Stress in compression flange calculated from M,.

fgervicell of «veeervreerrrreenns Stress in the compression flange calculated using service II load
factors.

Fgervicell (feveeeevreerrmeeenns Stress in the tension flange calculated using service II load factors.

T e TR Stress in the compression flange calculated using strength I load
factors.

Gl theveeernveeerrneeenireeennnes Stress in the tension flange calculated using strength I load factors.

Fuee Minimum tensile strength of a shear stud connector.

Fy345 oo, Yield stress of steel (50 ksi).

Fy485 coviiiiiiiiiiiis Yield stress of high performance steel (70 ksi).

Yield stress of compression flange steel.

Fyriiiiiiis Yield stress of deck reinforcing steel.

FyrFLB oo, Yield stress of compression flange used to calculate flange lateral
buckling resistance.

Fyt i Yield stress of tension flange steel.

Fyw oo Yield stress of web steel.

Rgtud eeeeeeemmmmneeneeeeeeennnnn Height of shear connector.

Lok cemeeeemmmaeeeeieeeeeeennn. Moment of inertia of the deck about its centroid with respect to the
horizontal axis.

Tdeck LT «eeevmmeeeeeaeeeeennnn. Long-term moment of inertia of the deck about its centroid with
respect to the horizontal axis.

Lt e, Moment of inertia of the bottom flange about its centroid with
respect to the horizontal axis.

Lt Moment of inertia of the top flange about its centroid with respect

to the horizontal axis.

D PSSR Long-term moment of inertia of the composite section about its
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Variable ' ................. Description
centroid with respect to the horizontal axis.

INC oo Moment of inertia of the girder about its centroid with respect to the
horizontal axis.

INC avg coeveeeeiiiiiiin, Averaged moment of inertia of the girder about its centroid with
respect to the horizontal axis in the positive and negative moment
regions.

LS oo, Short-term moment of inertia of the composite section about its
centroid with respect to the horizontal axis.

Loy oo, Moment of inertia of the web about its centroid with respect to the
horizontal axis.

T Moment of inertia of the compression flange about its vertical axis.

Ly Moment of inertia of the tension flange about its vertical axis.

Koo Shear buckling coefficient.

| Longitudinal stiffness parameter used in the calculation of load
distribution factors.

Lo, Unbraced length.

Lt Slab effective length based on empirical deck design.

Lateral bracing limit for flexural capacity governed by plastic
bending.

I Length of girder to be erected (picked) for erection and transport.

| RSP Lateral bracing limit for flexural capacity governed by inelastic
lateral tosional buckling.

R Span length from abutment bearing to pier bearing.

10 (PSRRI Multiple presence factor for one lane loaded.

10 ORI Multiple presence factor for two lanes loaded.

1\ TSRS Largest moment at either brace point.

111 SRR Multiple presence factor for three lanes loaded.

TN e Multiple presence factor for four lanes loaded.

MAD ..o Remaining flexural resistance in flange calculated by subtracting

stresses due to dead loads factored by the strength I load
combination in terms of stress.

MDDl i, Moment calculated from unfactored non-composite dead loads.

MDC2 oo, Moment calculated from unfactored superimposed dead loads.

MDWeeoeeeeeeeeeeeeeeeenn, Moment calculated from unfactored wearing surface dead load.

Meat max eeeeeereeeemcveeennnes Maximum stress at point of interest due to fatigue load
combination.

Meat min.eeeeeeeseeeessneeennnes Minimum stress at point of interest due to fatigue load combination.

Meat_range - ovveeeveeenveeiennns Stress range calculated from Mgy min and Mgy max at point of
interest.

min_edge_dist............ Minimum shear connecter edge distancespacing.

min_stud_spacing ......Minimum center-to-center shear connecter spacing.

MLL IM covveeeeerieeeeeenee Moment calculated from unfactored live load plus impact.

Minideeeeeeemmeeeneeeeeeeennnn. Moment calculated at the mid-span of the unbraced region.

Moo, Nominal flexural resistance.

1LY PR Moment at brace point opposite to M,.
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Variable ' ................. Description

Mp..oiiiiiiiiiiii Plastic moment resistance of composite section.

MUy consteeereeeermeeemneennnn Moment due to factored construction loads.

Mu_strength T «eveeeveeveenens Factored strength I moment.

Myt Yield moment of the tension flange.

1 TP PRPPRN Modular ratio with respect to steel and concrete.

1 TSR Number of stress range cycles per truck.

N Number of stress cycles during the design life.

N oo Number of stress cycles on the shear connector during its design
life.

Dhg eeeeeeeeeeeeeeeeeeeeeeenenns Number of shear connectors in a cross-section.

NDL ceeeeeeeeeeeeeee e, Number of design lanes.

NG, Number of girders.

ThGtud_ i eseeeeersreeensneeennes Minimum number of required shear connectors to satisfy the
strength limit state.

Number_Studs............ Number of shear connectors provided across the region of interest.

Over_Placement......... Factored combined construction live and dead loads. Applies to
regions where the wet concrete is in placement.

Prrereeerreenire et Single lane adjustment factor.

P, The minimum of Py, and P,

Pl Nominal shear force according to the structural deck area.

Popeiiiiiii Nominal shear force according to the girder area.

P oo Yield force of bottom reinforcing steel within effective slab width.

P Yield force of compression flange.

Pitch ..coooieiiiie Chosen pitch satisfying the pitchyax and pitchy,, requirements.

PitChmax «eeveerveenieeinene Maximum pitch required satisfying fatigue requirement for shear
connector design.

Pitchpmin «evvveeriieeiieenne Minimum pitch for shear connector design.

Previously_Placed .....Factored construction dead load including slab weight. Applies to
regions where concrete has been placed and live load is no longer

present.

Py Compressive crushing force of concrete effective slab width.

P, Yield force of tension flange.

S Yield force of top reinforcing steel within effective slab width.

Po oo, Yield force of web.

(O First moment of the transformed area of the deck about the short-
term neutral axis.

O Factored shear resistance of an individual shear connector at the
strength limit state.

R, Moment load distribution factor for one lane loaded case excluding
the multiple presence factor.

Roeeeiiiieeeei, Moment load distribution factor for two lanes loaded case
excluding the multiple presence factor.

Ry, Moment load distribution factor for three lanes loaded case
excluding the multiple presence factor.

Ruueoooeeiiiieeeeiiiiiii, Moment load distribution factor for four lanes loaded case
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Variable ' .................. Description
excluding the multiple presence factor.

Rpeeeeiieeiieeiiieeieee Load shedding factor for the composite section.

Resisting.......c.cccveenneee. Distance to centroid of resisting forces with respect to the lever
rule.

Rheeeeoieeeieeeieeeieee, Hybrid factor. A flange stress reduction factor.

T cereeeereenneeenreesninee s Radius of gyration about the vertical axis.

S e Center to center girder spacing.

SBot_Steel LT ++veerveeersveees Long-term elastic section modulus of the girder with respect to
outer fiber of the bottom flange steel.

SBot_Steel NCevveerrveeerrunens Elastic section modulus of the girder with respect to outer fiber of
the bottom flange steel.

SBot_Steel ST ++veerrveeerrveees Short-term elastic section modulus of the girder with respect to
outer fiber of the bottom flange steel.

SPACINhottom_max -++++++-- Maximum spacing of bottom reinforcing steel based on empirical
deck design.

SPACINGproyided - +vvevvereee Provided reinforcing steel spacing.

SPACING op_max -+svevereees Maximum spacing of top reinforcing steel based on empirical deck
design.

STop_Steel LT-weeverveereruees Long-term elastic section modulus of the girder with respect to
outer fiber of the top flange steel.

STop_Steel NC «vevververueruees Elastic section modulus of the girder with respect to outer fiber of
the top flange steel.

STop_Steel_ST-wvevververueruees Short-term elastic section modulus of the girder with respect to
outer fiber of the top flange steel.

SUIUCK +rveerereeeeermnnnmmananees Design truck spacing.

Struck_parapet:-s«eeessessersens Minimum spacing between design truck and parapet.

St veremeee et Elastic section modulus for the flange calculated according to
MAD.

COrG e eeeeeeerernnnnnneneeeeeeenns Thickness of deck core with respect to structural thickness.

TOCK weneermrmnenennnnaeeenennnns Thickness of deck including integral wearing surface.

Ef byeeeneneeeeeremmmmnnneneeeeenenns Thickness of bottom flange.

EF i eemmmneeeeenneeeeeeeeeenennnns Thickness of top flange.

CRAUICh e~ oo eeeerrrnnnnnneeeeerenns Thickness of haunch.

Transverse_Spacing ... The center-to-center transverse shear connector spacing.

Bg verreeee e Structural thickness of the deck slab excluding integral wearing
surface.

g eeeeeeeeeerernnnneneeeeeeene Thickness of web.

Unplaced..................... Factored construction dead load excluding slab weight. Applies to
regions where concrete has not yet been placed.

Vere e, Shear buckling force.

VDCTeeeeeeeeeeiiiieeeeeeeeeeens Shear calculated from unfactored non-composite dead loads.

VDC2 i, Shear calculated from unfactored superimposed dead loads.

VW ceeeeeeeeiiiiieeeeeeeeeeens Shear calculated from unfactored wearing surface dead load.

Ve Shear force range calculated from Vg min and Vi max used in the
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Variable ' ................. Description
design of the shear connectors.

Viat_combereeeereeeeneeennnnes Shear force range calculated from Viggigue min and Viagigue_max at point
of interest.

Viat max ceeeeessveeeniveennnnes Maximum shear force at point of interest due to fatigue load
combination. Used in the design of the shear connectors.

Viat min ceeeeeeseveeeniveennnnes Minimum shear force at point of interest due to fatigue load
combination. Used in the design of the shear connectors.

Viatigue_max «eoseereeeeseenes Maximum shear force at point of interest due to fatigue load
combination.

Vitatigue_min-seeseereeseeseennns Minimum shear force at point of interest due to fatigue load
combination.

Vi i Plastic shear force.

Ve Horizontal shear fatigue force range per unit length.

Vi const «eveeeermveeenveennnnes Shear calculated from factored construction loads.

Whridge -+ eveereereereeneesuennes Width of bridge.

WIANE «eveeeeeeerrmmmmnneneneeees Width of lane.

W Oh e eeeeeeennnneaeeeeeeenennns Width of overhang measured from centerline of exterior girder.

Wp coveiirineiieeeenenenenns Width of parapet.

Wroadwiy seesesssersessossosnes Width of clear roadway.

Wshdr If eeeeeenneemnneernneennns Width of left shoulder.

WGhdr 1 «eeeeesnseeessneeesnnnes Width of right shoulder.

WECONE +eeevrrenmmaneeeeeeenennns Unit weight of concrete.

W g eeneneeeeeermmmmnneneneeees Unit weight of future wearing surface.

Wil e Weight of girder per unit length.

WLLCK «evveeeeerrmmmmnnnnneneeees Width of design truck.

WEGHe@] e eeeerrennmnnaeeeeeenennns Unit weight of steel.

X1 ceveerreenmnenneeenneenneenns Distance between the centerline of the bridge and the first exterior
girder.

XD ettt Distance between the centerline of the bridge and the first interior
girder.

X3 teeerreeenneenieeeniee e Distance between the centerline of the bridge and the second
interior girder.

XA et Distance between the centerline of the bridge and the third interior
girder.

X5 teeerreeeneeenieeenree e Distance between the centerline of the bridge and the second
exterior girder.

Kokl wenneeernnaeneneaaeeenannns Distance between the centerline of the bridge and the girder of
interest.

VDAL «vveeeenrreenneeenneeennnnes Distance to the plastic neutral axis from the top of the girder.

Vb eeenvreeenveeensueeenineesnnnes Distance from the centroid of the bottom flange to the PNA.

Vdeck «+eeeenveeesmeeenueesnnnes Distance between the centroid of the effective slab and the top of
the girder.

Y e, Location of the plastic neutral axis for case II.

Vib ceenvveesnveeensueeeneeesnunes Distance from the centroid of the bottom deck reinforcement to the
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PNA.

Vit eeeveermeenneenmeenineenneennne Distance from the centroid of the top deck reinforcement to the
PNA.

VS veerrreennreenireeniree s Distance from the centroid of the structural slab to the PNA.

Vi eeeereeernnneennnneennnneennnes Distance from the centroid of the top flange to the PNA.

YWeeeerreenneeennireennreenne Distance from the centroid of the web to the PNA.

Lo Shear fatigue strength of a shear connector.

Greek Variable '.......... Description

O ceeieeeee e eeeeeree e Factor for calculation of shear fatigue resistance of a shear connector.

B oo Web to flange area ratio used in the calculation of the hybrid factor Ry,

Do, Resistance factor for flexure.

Do Resistance factor for flexure.

Y CONG +rveerreenreenneenieeneennnes Specific gravity of concrete.

VAT (e, Stress at point of interest calculated from Mgy range-

Vs ceeneeenneenneeneeneeneennes Specific gravity of future wearing surface.

A et Slenderness ratio of the compression flange.

Apfeeeeeemnmemenetreeeeneeannaenes Slenderness ratio limit for a compact flange.

b ettt Slenderness ratio limit for a noncompact flange.

Aty eeveneeneneeneneenenieenieennes Slenderness ratio limit for a noncompact web.

L1 [ Load modifier.

TIA cevermreereenreeneeneenre s Ductility load factor.

T ceveeenreereere e Importance load factor.

TIP «evveeenreeereeennreenreennnens Redundancy load factor.

P o Minimum of the ratio of web to compression flange yield stress and 1.

1. Variables having a subscript (n) or (neg) refer to the negative moment region.
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0.8 MathCad Worksheet for Bridge Design

DEFINITION OF GEOMETRIC PARAMETERS

General:
NGg:=5 number of girders
Np =3 number of traffic lanes
Lengths:
Lspan = 40 m span length
Thicknesses:
tdeck = 240 mm slab thickness w/ IWS
tg = 200 mm structural thickness
thaunch := 50 mm haunch thickness
Ctop = 60 mm top reinforcement cover thickness [S5.12.3]
Chottom = 25 mm bottom reinforcement cover thickness [S5.12.3]
teore = ts — Chottom ~ Ctop deck core thickness [C9.7.2.4]

tcore = 115mm

Widths:

In order to satisfy conditions for empirical deck design the overhang width must be at least 5
times the structural thickness of the slab or 3.0 times the structural thickness of the slab if the
parapet is considered structurally continuous. For this design we will assume the parapet as a
structural component. Therefore, the overhang width is defined as follows:

Woh = 3.0tg overhang width Wop = 600mm

Wshdr 1f == 1.2-m left shoulder width

Wshdr rt = 3.0-m right shoulder width

wp = 480-mm parapet width

Wiane := 3600-mm lane width

Whridge = Wlane'NL + Wshdr_If + Wshdr_rt + Wp-2 Whridge = 15960 mm
Wroadway ‘= Wlane'NL + Wshdr_If + Wshdr_rt Wroadway = 15000mm

(Wbridge - 2'Woh)
Ng -1

S =

girder spacing S = 3690 mm
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DEFINITION OF MATERIAL PROPERTIES

Concrete Properties:
fc_deck = 28-MPa compressive strength

=4 ksi

kN
Wieone = 23.56-—3 =150 pcf

m
kg
Yoone = 2402
m
1.5
Yeone ‘M
E. = 0.043- (%} - [Te_deck MPa
g

E. = 26785.9MPa [S5.4.2.4-1]

Steel Properties:

Fy 345 := 345-MPa grade 345 steel

grade 485 steel

Future Wearing Surface:

k
Viws = 122.5—g2

m

F.W.S. specific gravity

Wifws == &Vfws  F-W.S. load
kN

Wipys = 1,2—2 =25 psf
m

Steel Reinforcement Properties:
Fy; := 420-MPa =60 ksi yield stress
Eg := 200000-MPa modulus of elasticity

Steel Decking Properties:
Wisipf := 718.2-Pa  stay-in-place forms

unit weight

kN
Fy 485 := 485-MPa Wigtee] = 77~—3

m

Definition of Steel Grade Locations:

Positive Moment Region:

Fyc == Fy 345 Fyc = 345.0MPa Fy. =50 ksi
Yield strength of web in positive moment region:

Fyw = Fy 345 Fyw = 345.0MPa
Yield strength of tension flange in positive moment region:

Fyi == Fy 485 Fy; = 485.0MPa Fy =70 ksi

Negative Moment Region:
Fycn = Fy 485 Fycn = 485.0MPa

Yield strength of web in negative moment region:
Fywn = Fy345 Fywn = 345.0MPa
Yield strength of tension flange in negative moment region:

Fyt.n = FY'485 Fyt‘n = 485.0MPa
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PRELIMINARY PLATE SIZING

Flange Sizing Considerations:

Flange Width Considerations:

Use minimum of 300 mm in width to allow room for shear studs.

Consider wider compression flanges for the bottom flange in the negative moment region
and top flange in the positive moment region for constructability to increase lateral stability.
Transition flanges in thickness (not width) at shop welded splices if possible.

Flange Thickness Considerations:

Provide at least 19 mm in thickness to avoid weld distortion.
Do not exceed 50 mm for Thermo Mechanical Controlled Processing (TMCP)

Web Sizing Considerations:

Consider unstiffened webs for span lengths less than 35 m.

Consider unstiffened webs if the web depth is less than 1300 mm.

For web depths between 1300-1800 mm subtract 2-3 mm from the unstiffened web
design and provided stiffeners as required.

Provided the thinnest web possible for webs greater than 1800 mm in depth.

Preliminary Flexural Considerations:

Cross-sectional Proportion Limits: [S6.10.2 '04]
Web Proportions: [S6.10.2.1 '04]
2 < 150 slenderness limit [S6.10.2.1-1 '04]
tw
Flange Proportions: [S6.10.2.2 '04]
b
2—f >12.0 compactness limit [S6.10.2.2-1 '04]
D
br > g [S6.10.2.2-2 '04]
tr > 1.1ty [S6.10.2.2-3 '04]
Iyc
0.1 < I_ < 10 [S6.10.2.2-4 '04]
yt

A field splice is located at 0.75 L, for this example. A handling suggestion for

shipping and constructability is to provide a minimum flange width as calculated
below:

Lpick:= 0.75-Lgpan ~ Lpick = 30m pick length

by = Lpick
85

b = 352.9mm handling suggestion [C6.10.3.4-1 '04]
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Trial Depth Selection:

Suggested minimum span-to-depth ratio for a continuous span design:

D := 0.027 Lypan

D = 1080 mm

[Table 2.5.2.6.3-1]

Suggested optimal depth for the hybrid configuration choosen: (Horton, 2002)

Lspan

= 1333 mm

Summary Trial Girder Dimensions:

Top flange width:

Top flange thickness:

Bottom flange width:

Bottom flange thickness: tfp := 25-mm

Positive Flexure:
bf¢ = 400-mm =15.751n

trg:=25mm =1lin

bfp := 400-mm =15.75 in

=1in

Web depth: D := 1300-mm =51.18in
Web thickness: tw = 14-mm  =0.551in
L &400mm—>|
25mmj_
—[=—14mm
1300mm
25mmj_ F400mm~—‘
Figure:  Cross Section of Interior

Girder in Positive
Moment Region

1
pet

40mm]_

Figure :

Negative Flexure:
bftn = 450-mm =17.72in

tren = 40-mm =1.581in

bfp.n = 540-mm =21.26 in

tthn = 40-mm =1.581in
D = 1300mm =51.181n

- 450mm—ﬂ

—=~=—14mm

1300mm

1

540mm

Cross Section of Interior
Girder in Negative Moment
Region
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NON COMPOSITE SECTION PROPERTIES

Non-Composite Cross-Sectional Properties in the Positive Moment Region:

overall depth: d:=tr¢+D+trp d = 1350mm
area of top flange: Aft == bty Ag¢ = 10000 mnt
area of bottom flange: Afp = brp-trp Afp = 10000 mnt
area of web: Ay =Dty Ay = 18200 mni”
total area of girder: Ag = Aft + Arp + Ay Ag = 38200 mnt
. . kN
girder self-weight: Wig 1= Ag Wigteel Wiy = 2.94—
m
dist. to cent. of top flange: diy = trp + D+ 0.5 dfy = 1337.5mm
dist. to cent. of bottom flange:  dg¢y, = 0.5t} dfp = 13mm
dist. to cent. of web: dw =tfp +0.5-D dy = 675mm
Afdeg+ Afpdep + Aw-dy
dBot_Steel NC = A dBot_Steel NC= 675mm
g
dTop_Steel_NC = d—dBot_Steel NC dTop_Steel_NC = 675 mm
tf.¢ 2 9 4
Igy = bf.t'z + Af.t'(df.t - dBot_Steel_NC) Ify = 4.39x 10" mm
tf.b 2 9 4
gy = bf.b'? + Af.b'(dBot_Steel_NC_ df.b) Irp = 4.39x 10" mm
D’ 2 9 4
Iy = tw'E + Aw'(dw - dBot_Steel_NC) Iy = 2.56x 10" mm
. 104
INC =T + Iep + 1w INnc = 1.13x 10" "mm
INC 7 3
STop_Steel_ NC = — STop_Steel_ NC = 1.68 X 10 mm
dTop_Steel_NC
INC 7 3
SBot_Steel_ NC:= — SBot_Steel NC= 1.68 X 10" mmi

dBot_Stef:l_NC
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Non-Composite Cross Sectional Properties in the Negative Moment Region:

overall depth:

area of top flange:

area of bottom flange:

area of web:

total area of girder:

girder self-weight:

dist. to cent. of top flange:
dist. to cent. of bottom flange:

dist. to cent. of web:

dp:=tfen+D+tipn

Aftn = bfen-ten

Afbn = btbntrbn

Awn = Dtyp

Agn = Aftn + Afbn T Awn
Wig n 1= Ag.n Wisteel

dfen = thpn + D+ 0.5:tr¢n

dfp.n = 0.5t bn

dwn :=ttpn+ 05D

dp, = 1380mm
2
Af¢n = 18000 mm
2
Afpn = 21600 mm
2
Ay = 18200 mm
2
Agn = 57800 mmi
4.45 kN
Wty n = 4.45—
ton m
df¢n = 1360mm

dfppn = 20mm

dwn = 690mm

dBot_Steel NC.n =

dTop_Steel_NC.n = dp — dBot_Steel NC.n

3
tf.t.n

Iftn = bfin-

&
Itbn = bfbn-

3

Iyn =twn"

INCn = Iftn T 11,

STop_Steel_NC.n =

SBot_Steel NC.n:=

2
_2 + AW.n '(dw.n - dBot_Steel_NC.n)

Aftn-dftn + Afbn-dfbn + Awn-dwn
Ag.n

2
+ Aftn '(df.t.n - dBot_Steel_NC.n)

2
+ Afbn '(dBot_Steel_NC.n_ df.b.n)

ban t Iwn

INC.n

dTop_Steel_NC.n

INC.n

dB ot_Steel_NC.n
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Ity = 9.12% 10° mm'

Ity = 8.53% 10" mm'

Lyy = 2.59% 107
InCg = 2.02% 10 mm'

7
STop_Steel_NC.n =277x10 m

dBot_Steel NC.n= 648.3mm

dTop_Steel_NC.n = 731.7mm

3
m

7 3
SBot_Steel NC.n= 3.12X 10" mm
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LIVE LOAD GIRDER DISTRIBUTION FACTORS
Interior Beam Moment:
Kg term: [S4.6.2.2.1-1 '03]

_ drop_Steel NC* dTop_Steel NC.n
dTop_Steel_NC_an = >

INc + INc.
INC_avg = ———— INC avg = 1.58% 10" mm’ .\
|

2
Ag+ A
Agavg == Ag avg = 48 10" mn?

Distance between C.O.G. of girder and C.O.G. of slab:

eg = dTop_Steel NC_avg T thaunch + %s eg = 853.365mm Figure : ¢, factor
n:i=38 [C6.10.1.1.1b '04]

Ky = n{(INC ave + Ag aveee) Ky = 4.06% 10" mm'

Range of applicability: 1100 < S < 4900mm [Table S4.6.2.2.2b-1 '03]

110 £ tg < 300mm
6000 < L < 73000mm

Np = 4
410” < Kg < 310 °mm’
One lane loaded: [Table S4 .6.2.2.2b-1 '03]
0.1
s 4 s 3 K,
DFM; = 0.06 + | — DFM; = 0.531
4300-mm Lspan Lo i3
span s
Two or more design lanes: [Table S4 .6.2.2.2b-1 '03]
1
s (s \02( K,
DFM; = 0.075+| ——— | DFEM, = 0.81
2900-mm Lspan Lo 43
span’'s

Fatigue factors:

For single-lane loading to be used for fatigue design, remove the multiple
presence factor of 1.20.

Copyright National Academy of Sciences. All rights reserved.
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Interior Beam Shear:

One lane loaded:

DFV; =036+ ——
7600-mm

Two or more lanes loaded:

DFV» 1= 020 + | —> (s )
27 3600-mm ) | 10700-mm

Exterior Beam Moment:

600 mm 6000
" 2400 mm

Truck width:

Wtruck = 1 800 ‘mm

DFV; = 0.846

DFV, = 1.106

mm
|

|

K

0-23

[Table S4 .6.2.2.3a-1 '03]

[Table S3 .6.1.1.2-1 '03]

E

L

4800 mm
1200 mm

Spacing between trucks: pz=

SRR TP MY AL SRS M

Struck = 1800-mm

Number of design lanes:

e 7380mm
Wroadway
NpL = —
L 3600-mm
Npr, =4.2 NpL, =4

Spacing Between Parapet and Truck:

Struck_parapet := 600-mm

Truck reaction location from center of bridge:

Y TN P BT R

|<— 3690 mm —:

Distribution Factor

Wroadway Wtruck

€R1 = T - Struck_parapet - T

__ Wroadway Wtruck
€R2 = T - Struck_parapet ~ Wtruck ~ Struck — >

__ Wroadway Wiruck
€R3 = T - Struck_parapet — 2-Wiruck — 2-Struck — >

__ Wroadway Weruck
CR4 = T - Struck_parapet — 3-Wiruck — 3*Struck — >

[ I

Figure : Position of Truck Reaction for Exterior Girder

[S3.6.1.1.1 '99]

[S3.6.1.3.1 '99]

dist to R1 from CL
er1 = 6000 mm

dist to R2 from CL
er2 = 2400 mm

dist to R3 from CL
er3 = —1200mm

dist to R4 from CL
er4 = —4800mm

Copyright National Academy of Sciences. All rights reserved.
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Distance between girders and center of bridge:

Whrid

X] = r21 £ - Woh X1 = 7.38m

X2 = X] — S x2 = 3.69m

X3 =X — S x3 = Om

X4 =x3—9S x4 = —3.69m

X5 :=%x4—3S X5 = —7.38m

Xext = X1 Xext = 7.38m
Multiple Presence Factors:

my = 1.20 m3 := 0.85 N

. . R=—+

mp = 1.00 my = 0.65 Ng
One Lane Loaded:

Ry = % + XeXt'(eRI)

(X12 + x22 + X32 + X42 + x52)

DMy = mp-Ry

Two Lanes Loaded:

Ry = % s Xext'(eRl + eRz)

(X12 + x22 + X32 + X42 + x52)
Dm2 = m-Rp
Three Lanes Loaded:

3 Xext'(eRl +er2+ eR3)
R3 = g +

(X12 + x22 + X32 + X42 + x52)
DMz = m-R3

Four Lanes Loaded:

4 Xext'(eRl +eR2+ eRr3+ eR4)

R4:=_+ 2 2 2 2 2
5 (X] +X2 +X3 +X4 +x5)

Dmy = my-Ry

dist to girder 1 from CL
dist to girder 2 from CL
dist to girder 3 from CL
dist to girder 4 from CL
dist to girder 5 from CL

dist to exterior girder from CL

N
L [C4.6.2.2.2d-1]

X2

Np
Ry = 0.53
Dypy = 0.63
Ry = 0.86
Dy = 0.86
Rz = 0.99
Dypz = 0.84
Ry = 0.93
Dyig = 0.60
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Exterior Beam Lever Rule: [Table 4.6.2.2.1-1 '03]
1800 mm 1410 mm
|

Distance to driving loads: 600 mm ‘
. . Wtruck
Driving= Woh + S — Wp — Struck_parapet — > l l
Driving= 2310mm e
Distance to resisting girder:
Resisting= S -
Resisting= 3690 mm
600 mm —= |~ 3690 mm —=
Distribution Factor Moment:
One Lane Loaded: Figure : Positi?n of Truck Tire
. Reactions for Lever Rule
Driving
DMFLever f := ——— DMFLever ¢ = 0.626
- Resisting -
DMFLever; := DMFLever ¢-1.20 DMFLever; = 0.751
Two or more Lanes Loaded:
de
e =077+ —— e = 0.813
2800-mm
DMFLevep := e-DFMj DMFLeven = 0.658
Distribution Factor Shear:
One Lane Loaded: (beam distribution same as moment)
DFVE; := DMFLever DFVE; = 0.751
Two or more lanes loaded:
de
e1 =06+ —— e1 = 0.64
3000-mm
DFVE) := e;-DFV, DFVEgy = 0.708
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Skew Correction Factors: [S4.6.2.2.2¢-1 '03]
If @ is less than 30°¢,=0.0 0 = 18-deg

If 0 is greater than 60°use = 60°

0.25
3 Kg S 0.5 B
¢ =025 | ——| c; = 0.081
Lspan t Lspan

)1.5

DFMgjew corr == 1 —c1-tan(6 DFMgew corr = 0.985

[S4.6.2.2.3¢c-1 '03]
0.3

3

Lgpan-t

DFVgkew_corr = 1.0+ 0.2 [%J -tan(e) DFVgkew_corr = 1.061
g

Governing Distribution Factors: (skew corrected)
Interior Max:

Moment:  DFMj := DFMgkeyw corr ‘max((DEM; DEMy )) DFM; = 0.80
Shear:  DFV] := DFVgkey corr ‘max((DFV] DFV, )) DFV; = 1.17
Fatigue:

Moment:  DFMj f := DFMgkew corr 'DFMifatigue DFM = 0.44
Shear:  DFV]_f := DFVgkew corr ‘DFV] DFV] f = 0.90

Exterior Max:

Dmi Dm2 DMFLever
Moment: DFME = DFMSkeW_COIT ‘max

DFME = 0.84
Dwv3s Dms DMFLeverp
Shear:  DFVE := DFVgkew corr ‘max(( DFVE; DFVE;)) DFVE = 0.80
Fatigue:
Dwmi
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General Considerations for Limit States
SniviQ<oR =R
Ductility np = 1.00
Redundancy ngr := 1.00

Operational Importance ng := 1.00

For loads for which a maximum value of gi is appropriate:

n=mpnNrNr=09 n =100
For loads for which a minimum value of gi is appropriate:
1

Nn=———<10 1 =100
NMDNMRNI

Copyright National Academy of Sciences. All rights reserved.
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DESIGN LOADS

Component Dead Loads:

e DCI - acts on non-composite section

DClhaunch = Wtconc '(bf.t 'thaunch)

kN
DC]haunch =047—
m

DClsijpf = Wisipf-S

kN
m

kN
DClgirder =332—
m

DClattachments = 5%-DClgirder

kN
DClattachments = 0.17 g

Interior Girder Component Dead Load:

DClslab.i := Wiconc '(S 'tdeck)

kN

m

Superimposed Component Dead Loads:
e DC2 - acts on long-term composite section
e assumed to be carried equally by all girders

kN

th = 7.2-;
w kN
DC2p = —tp DCZP = 1.44—
NG m

Superimposed Component Dead Loads:

e DW - wearing surface load

e acts on long-term composite section

e assumed to be carried equally by all girders

DW 1= —tws Wroadway - o 3 6o KN
NG m

DCl; == DClslab.i + DClhaunch + DClsipf + DClgirder + DClattachments

kN
DCl1i = 27.47—

m

Exterior Girder Component Dead Load:

DClglab.e = Wiconc [ [O-S'S'tdeck + Woh'(tdeck + tf.t) } }

kN
DClslab_e = 14.18—

m

DCle := DClglab.e + DClhaunch + 0.5-DClsjpf + DClgjrder + 0.5-DClattachments

kN
DCle = 19.38—

m
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EMPIRICAL DECK DESIGN [S9.7.2.1]
Check conditions for use of empirical design method [S9.7.2.2,S9.7.2.4]

The empirical design method may only be used if the following conditions are satisfied:

e Cross frames are used throughout the cross-section at lines of support,

e Supporting components are made of steel and/or concrete,

e Deck is cast in place,

e Deck is of uniform depth (except for haunches over girder flanges),

e Deck is made composite with supporting elements (2 shear connectors min. at 600 mm spacing),

e The ratio of effective length to design depth does not exceed 18.0 and is not less than 6.0,

e Core depth of the slab is not less than 100 mm,

e Minimum depth of slab is not less than 175 mm (excluding sacrificial wearing surface),

e Effective Length does not exceed 4100 mm,

e Overhang beyond the centerline of at least 5.0 times the depth of the slab (this condition also
satisfied if the overhang is at least 3.0 times the depth of the slab and a structurally continuous
concrete barrier is made composite with the overhang.

Effective length: [S9.7.2.3, S9.7.2.4]

The effective length of slab for purposes of the empirical design method is the distance between flan
tips, plus the flange overhang, taken as the distance from the extreme flange tip to the face of the we

(bf.t - tw)
Lefr := S —bge + — Lefr = 3483.0mm Legr < 4100mm -O.K.
L, L,
6< < <18 174 -OK.
tS tS

teore = 100mm teore = 115mm - O.K.

tg = 175mm tg = 200mm -O.K.

This example assumes a structurally continuous parapet

woh 3.0 tg Woh = 600mm - O.K.

f. 28 MPa fe deck = 28 MPa -0O.K.
Selected metric deck reinforcment properties:

Ajp = 7lmnt Ajg == 199mnt db 16 = 15.9 mm Aqg = 284mnt
Reinforcement Requirements - Positive Moment Regions [S9.7.2.5]

The minimum amount of reinforcement in positive moment regions shall be:
For each bottom layer, 0.570 mm?2/mm in both directions
For each top layer, 0.380 mm 2/mm in both directions
Reinforcement shall be Grade 420 or higher and the spacing shall not exceed 450 mm
If the skew exceeds 25 degrees the specified reinforcement in both directions shall be doubled in the

zones of the deck. Each end zone shall be taken as the longitudinal distance equal to the effective len
the slab specified in Article 9.7.2.3.
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Reinforcement bars at bottom (longitudinal and transverse) in positive moment region:

Ale

spacing bottom_max ‘= spacing bottom_max = 349 mm

2

mm
0.570 —
mm

Reinforcement bars at top (longitudinal and transverse) in positive moment region:

Ale

spacing (op_max = spacing (pp_max = 524 mm

mnt
0.380 ——

mm
Use no. 16M bars spaced at 300 mm in the top and bottom layers of reinforcement in both the
longitdinal and transverse directions. Spacing is chosen to be consistant with that provided in the
negative moment region as determined by the following.

Reinforcement Requirements - Negative Moment Region [S6.10.1.7 '04]

e In negative-flexure regions of any continuous span, the specified minimum longitudinal
reinforcement shall not be less than 1% of the total cross-sectional area of the slab.

e The reinforcement shall have a specified minimum yield strength not less than 400 MPa and a
size not exceeding no.19 bars to control slab cracking.

e The required longitudinal reinforcement is to be placed within two layers uniformly distributed
across the slab width:

1.) 2/3%s of the specified reinforcement shall be placed in the top layer longitudinally.

2.) 1/31 of the specified reinforcement shall be placed in the bottom layer longitudinally.
e The transverse reinforcement need not be any different from that determined from the positive
flexure region.

A in = 1:0.01 —— mnt
s_neg_min = Y- m As_neg_min = 2.00—
mm
Longitudinal reinforcing bars in bottom layer of negative moment region:
1 mm2
As_bottom_min = _’As_neg_min As_bottom_min =0.67—
3 mm
In bottom layer use no. 10M bars spaced at 300 mm spacing provided := 300mm
alternating with no. 16M bars spaced at 300 mm.
A10 Ale mnt
As_bottom_provided = B + B As_bottom_provided =0.90——
Spacing provided SPACINE provided mm
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Longitudinal reinforcing bars in top layer of negative moment region:

2
As_top_min = E

In the top layer use no. 19M bars spaced at 300 mm

'As_neg_min

alternating with no. 16M bars spaced at 300 mm.

Alg

Ale

As_top_provided =

+

spacing provided spacing provided

Transverse reinforcing bars in negative moment region:
The transverse steel in both the top and bottom layers is the same as previously determined for
the positive moment regions.

2
mm

As_top_min =133—

mm

spacing provided := 300mm

2
mm

As_top_provided = 1.61 —

mm

The transverse steel in both the top and bottom layers will be no. 16M bars spaced at 300 mm.

DECK REINFORCEMENT SUMMARY:

#16M at 300 mm spacing

60 mm (min)

core depth = 115 mm 2

a
'y

g >— #16M at 300 mm spacing

25 mm (min) b

#16M at 300 mm spacing

Figure : Positive Moment Region Deck Reinforcement - Emperical Design

~ #16M alternating with #19M |

£ 200

}

) [LiareAvive suissy qua]ué' P
A - . L L.

LA 7
e

o, <

N Ad
AL a

4.8

D

8 #16M at 300 mm spacing

<
structural thickpess =200 mm—L

4

T #16M alternating with #10M T
at 300 mm spacing

Figure : Negative Moment Region Deck Reinforcement - Emperical Design

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

0-32

COMPOSITE SECTION PROPERTIES

Positive Moment Region:

Short-term composite section: n := 8 [C6.10.1.1.1b]
For interior beams, the effective flange width may be taken as the least of:
br.¢

Lext eff :=30m 12:t,+ D =3.7m 12t + > =2.6m S =3.69m
Pei beff = 3.69% 10> mm [Proposed]

ts -beff 2
Adeck ST = Adeck.ST = 92250 mm

ts

Ydeck = thaunch t 5

Ag-dBot_Steel NCT Adeck.ST '(d + Ydeck)

Ydeck = 150mm

dBot_Steel ST :=
- Ag + Adeck.ST

dTop_Steel_ST = d — dBot_Steel_ST

3
beff'ts
12n

Ldeck =

2
IsT == InCc + Ag'(dTop_Steel_NC - dTop_Steel_ST)

2
+Ideck + Adeck.ST '(Ydeck + dTop_Steel_ST)

_ IsT
STop_Steel_ST =
dTop_Steel_ST

Short-term section properties:
Short-term moment of inertia:
Short-term distance from top of steel to NA:
Short-term distance from bottom of steel to NA:
Short-term section modulus top section:

Short-term section modulus bottom section:

lgeck = 3.075% 105 mm"

. IsT
SBot_Steel ST:= ———
dBot_Steel ST

Ist = 3.004x 10! mm'

dTop_Steel_ST = 91.6mm

dBot_Steel_ST = 1258.4mm

8 3

SBot_Steel_ST = 2.387 % 107 mm3
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Long-term composite section: 3.n=24 [S6.10.3.1.1b]

ts-beff
3n

2
Adeck LT = Adeck LT = 30750 mm

Ag'dBot_Steel_NC+ Adeck.LT'(d + Ydeck)
Ag + Adeck. LT

dBot_Steel LT =

dTop_Steel LT = d — dBot_Steel LT

3
i beff -t
12 3

8 4
Ideck long = Ideck.long = 1.025 %< 10" mm

2
It = INnc+ Ag'(dTop_Steel_NC - dTop_Steel_LT)

2
+ Ideck.long + Adeck LT '(Ydeck + dTop_Steel_LT)

IiT ILT
STop_Steel LT == T SBot_Steel LT'= "7
dTop_Steel LT dBot_Steel LT

Long-term Section Properties:

10 4
Long-term moment of inertia: ILT = 2.304x 10" "mm

Long-term distance from top of steel to NA: dTop_Steel_LT = 307.1 mm

3
Long-term distance from bottom of steel to NA: dBot_Steel LT= 1.0X 10" mm
STop_Steel LT = 7.503 X 107 mm3

SBot_Steel LT = 2.209x 10 mni

Long-term section modulus top section:

Long-term section modulus bottom section:
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Plastic-Moment Capacity for Positive Flexure [Appendix D6.1]
Assumes no net axial force

Section forces:
Rebar area determined by summing the reinforcement area in the deck design section across the

effective slab width.

P A | 210 2
v v = Prt F% ™= 300mm) Are = 2447.7mm
= 1D
R ame [ ) :
c = | 300 mm ) et Arb = 2447.7 mni
Py = Fyr-A Py = 1.0x 10 kN
Py = 0.85-fc_geck -(beff ts) P, = 17564.4kN
Ppr := Fyr-Arp Ppr = 1.0x 10°kN
P := Fyo-bro -ty P. = 3450.0kN
Py := Fyy -D-ty, Py, = 6279.0kN
—= R P := Fyp-brp-trp P, = 4850.0kN
Figure : Plastic Moment Forces
. dp_16
Bottom reinforcement Cy, := tg — Cpottom — db_16 — - Cip = 151.2mm
. dp_16
Top reinforcement Crt := Crop + dp_16 + Cit = 83.85mm

Possible Plastic Neutral Axis Locations:
Case I - PNA in web
Case II - PNA in top flange
Case III - PNA in concrete deck, below Py,
Case IV - PNA in concrete deck, at By,
Case V - PNA in concrete deck, above Py, below P,
Case VI - PNA in concrete deck, at P
Case VII - PNA in concrete deck, above By

Determination of Plastic Neutral Axis [AASHTO Table D6.1-1]

Yiv = Cp Case IV - PNA in the Deck

Yiv = 1512mm ;= 25mm Pi+ Py + Pe 2 P+ Ppr + Py
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Distance to PNA:
Ybar = YV From top of the slab

Distance from PNA to the bottom flange's NA:

b
Ybf = d + thaunch + ts — 7 — Ybar

Distance from PNA to the web's NA:

Yw := 0.5 D+ thaunch + ts + tf.t — Ybar

Distance from PNA to the top flange's NA:

B¢
Yif = thaunch + &s + 7 — Ybar

Distance from PNA to the bottom reinforcement:

yib = Crp

Distance from PNA to the top reinforcement:

Vit := Ybar — Crt

Distance from PNA to the slab's NA:
¥s = 0.5t + Ybar + thaunch

Plastic moment capacity: (case IV)
Py

2
Mp = ‘(Ybar ) + (Ptr‘Yrt + Peoyif + Pwoyw + Pt'}’bf)

Mp = 13281.9kN-m

Ypar = 151.2mm

Vpf = 1436.3 mm

Yw = 773.9mm
yif = 111.4mm
Vib = 151.2mm
Vit = 67.3mm

ys = 301.1 mm

Copyright National Academy of Sciences. All rights reserved.
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Negative Moment Region:
Composite Section:

For interior beams, the effective flange width may be taken as the least of:

bty
Leff_neg = 20m 12tg+D=37m 12t + Lo = 2.625m S =3.6Om [S4.6.2.6]
Beffn =5 beffn = 3.69x 10° mm [Proposed]
2
Art.n = Deffn 'As_top_provided Artp = 5940.9 mm
2
Arb.n = beff.n 'As_bottom_provided Arpn = 3321.0mm
Crtn = thaunch *+ ts — Cop — dp_16 — 17.5-mm Citn = 156.6 mm
CI‘b.n = thaunch + Cbottom + db_16 + 13mm Crb_n = 1039 mm
Aftn = bfn-tfen Aftn = 18000.0mm2
Afb.n == bfban-tfbn Afon = 21600.0mn

fftn D tfb.n
Aft.n'(dn - > ) + Awn- (tf.b.n + Ej + Afbn- ( j

2
+ [Arb.n'(dn + Crb.n):l + [Art.n‘(dn + Crt.n)]
Agn + Arbn + Artn

dBot_Steel_Comp.n =
dTop_Steel_Comp.n =dp - dBot_Steel_Comp.n

2
IComp.n =INcan+ Ag.n'(dTop_Steel_NC.n - dTop_Steel_Comp.n)
2
+ [Arb.n'(crb.n + dTop_Steel_Comp.n) }
2
+ |:Art.n ‘(Crt.n + dTop_Steel_Comp.n)
IComp.n IComp.n

SBot_Steel_Comp.n =
dTop_Steel_Comp.n dBot_Steel_Comp.n

STop_Steel_Comp.n =

Bare Steel & Rebar Section Properties (Composite)

Moment of inertia of section: Icomp.n = 2.628 x 10" mm*
Distance from top of steel to NA: dTop_Steel_Comp.n = 611.7mm
Distance from bottom of steel to NA: dBot_Steel_Comp.n = 768.3 mm
Section modulus top section: STop_Steel_Comp.n = 4.297 X 107 mt
Section modulus bottom section: SBot_Steel_Comp.n = 3.421 x 10" mn?
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Negative Moment Region:
Composite Section - with deck effective in tension: [S6.10.4.2.1]

For members with shear connectors provided throughout their entire length that also satisty the
provisions of Artical 6.10.1.7, flexural stresses caused by service Il loads applied to the composite
section may be computed using the short-term or long-term composite section, as appropriate.

Short-term composite section for negative flexure:

ts-beff.n 2
Adeck.ST.n = E— Adeck ST.n = 92250.0 mmi
Ygirder.n = dTop_Steel_NC.n Ygirder.n = 731.7mm
S
Ydeck.n ‘= thaunch + E VYdeck.n = 150.0mm

Ag.n'}’girder.n + Adeck.ST.n "Ydeck.n
Agn + Adeck.ST.n

dTop_Steel_ST.n = dTop_Steel_ST.n = 374.1 mm

dBot_Steel_ST.n =dp— dTop_Steel_ST.n dBot_Steel_ST.n = 1005.9 mm
3

beff.n -ts 3 4

Ideck.ST.n = T Ideck.ST.n = 3.075x 10" mm

2
IsTn = [INC.n + Ideck.ST.n + Ag.n'(Ygirder.n - dTop_Steel_ST.n) ]

2
+ Adeck.ST.n '(Ydeck.n + dTop_Steel_ST.n)

IST.n IST.n
STop_Steel_ST.n = SBot_Steel_ST.n =
dTop_Steel_ST.n dBot_Steel_ST.n

Short-term composite section for negative flexure:

Short-term moment of inertia: IsTn = 5328 10" mm'
Short-term distance from top of steel to NA: dTop_Steel_ST.n = 374.1mm
Short-term distance from bottom of steel to NA: dBot_Steel ST.n = 1005.9 mm
Short-term section modulus top section: STop_Steel_ST.n = 1.424 x 108 mm3
Short-term section modulus bottom section: SBot_Steel ST.n = 3.297 X 107 mm3
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Adeck.LT.n =

dTop_Steel_LT.n =

Ideck.LT.n =

STop_Steel_LT.n =

Long-term composite section negative flexure:

t 'beff.n
3n

Ag.n “Ygirder.n + Adeck LT.n "Ydeck.n

Agn + Adeck LT.n

dBot_Steel_LT.n =dp dTop_Steel_ST.n

3
beff.n I
12-.n

2
+ Adeck.LT.n '(Ydeck.n + dTop_Steel_LT.n)

ILTn

dTop_Steel_LT.n

Long-term composite section negative flexure:

Long-term moment of inertia:

Long-term distance from top of steel to NA:

Long-term distance from bottom of steel to NA:

Long-term section modulus top section:

Long-term section modulus bottom section:

Adeck.LT.n = 30750.0 mmz

dTop_Steel_LT.n = 529.7mm

dBot_Steel_LT.n = 1005.9mm

lgeck LT = 3.075x 10° mm'

2
ITn = [ INC.n + Ideck LTon + Ag.n'(}’girder.n - dTop_Steel_LT.n) }

ILTn
SBot_Steel_LT.n =
dBot_Steel_LT.n

LT = 3.712% 10" mm'
dTop_Steel_LT.n = 529.7mm
dBot_Steel_LT.n = 1005.9mm
STop_Steel_LT.n = 7007 x 107 mni

7 3
SBot_Steel LT.n= 3.69x 10" mm

Copyright National Academy of Sciences. All rights reserved.
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Plastic Moment Capacity for Negative Flexure [Appendix D6.1]

SectiOll fOI‘CGS: Artn = befans_top_prOVlded Artn = 5940.9 I’Ilm2
2
P Arpp = beff.n'As_bottom_provided Arpn = 3321.0mm
2 a 5 rt P
- - - P.S Prtn = Fyr-Artn Prtn = 2495.2kN
LY o
R Psn = 0-kN P, , = 0.0kN
Prpn = Fyr'Arb,n Pipn = 1394.8kN
Z Pin = Fy.485t.tn bftn Pin = 8730.0kN
—— P
W Pwn = Fy345:twn D Py = 6279.0kN
Pen = Fy.485'tf.b.n ‘bf.b.n Pcn = 10476.0kN
Crb.n = thaunch * Cbottom + db_16+ 13-mm
— R
Crt.n = thaunch *+ ts = Ctop — db_16— 17.5-mm
Figure : Plastic Moment Forces Cibn = 103.9mm

Possible plastic neutral axis locations: Case I - PNA in web

Case II - PNA in top flange Citn = 156.6mm

Determination of Plastic Neutral Axis: [Table D6.1-2]
Case[-PNAinweb P.p+ Py = 16755.0kN > Pipy + Py + Pren = 12620.0kN
_ (D Pen = Pen = Pren — Prbn 41
Ybarn = ) Pon Ybar.n = 428.1mm

Distance from PNA to the bottom flange's NA:
Ybfn = D+ 0.5tthn — Ybarn Ybfn = 891.9mm

Distance from PNA to the web's NA:

Yw.n == [0.5-D = Yparn Yw.n = 221.9mm
Distance from PNA to the top flange's NA:

Ytf.n = Yoarn + 0.5-tf.1n Yift.n = 448.1mm
Distance from PNA to the bottom reinforcement:

Yrb.n = Ybar + t.tn * thaunch + Cbottom + 1.5-dp_16 Yrb.n = 290.0mm
Distance from PNA to the top reinforcement:

Yrtn *= Ybarn + tf.tn + thaunch T & — Ctop — 1.5-dp_16 Yrtn = 634.2mm
Plastic moment capacity: (case I)

Py.n

2 2
My, = [ + (D - }
p.n °D Ybar.n ( Ybar.n)

+ (Prt.n'Yrt.n + Prbn¥Yrb.n + PenYifn + Pen ‘Ybf.n)

[Table D6.1-2]

Mpn = 17521.1kN-m
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I - SECTION FLEXURAL MEMBERS [S6.10 '04]

General: [S6.10.1 '04]
All types of I-section flexural members shall be designed as a minimum to satisfy:

The cross section proportion limits specified in Article 6.10.2;

The constructibility requirements specified in Article 6.10.3;

The service limit state requirements specified in Article 6.10.4;

The fatigue and fracture limit state requirements specified in Article 6.10.5;

The strength limit state requirements specified in Article 6.10.6.

This example was organized to consecutively check the Articles listed above for an interior
girder only.

Copyright National Academy of Sciences. All rights reserved.
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Positive Moment Region Cross Section Proportional Limits: [S6.10.2 '04]
WEB PROPORTIONS: [S6.10.2.1 '04]
Web slenderness limit: b < 150 [S6.10.2.1.1 '04]
tW
.. D
Check_Web_Slenderness:= |"OK" if — < 150
tW
"Limit not met" otherwise
Check_Web_Slenderness= "OK"
e Allows for easier proportioning of the web in preliminary design.
e Satisfies elastic buckling of the web as a column subjected to a radial transverse
compression from the curvature of the flanges.
e Allows web-bend-buckling to be disregarded in design of composite sections in positive
flexure.
FLANGE PROPORTIONS: b [S6.10.2.2 '04]
Flange weld distortion / Compactness limit: —f < 12.0 [S6.10.2.2-1 '04]
2 tf
o . brt  bfb
Check_Flange_Limit= |"OK" if max| |—— —— <12.0
2t 2tp
"Limit not met" otherwise
Check_Flange_Limit="OK"
e Limits distortion of flange when welded to the web.
e Local buckling limit. b
Web depth to flange width aspect ratio: by > — [S6.10.2.2-2 '04]
6
. e D
Check_Flange_Web_Limit= |"OK" if min ((bf_t btp )) 2 g
"Limit not met" otherwise
Check_Flange_Web_Limit="OK"
e Controls strength and moment-rotation characteristics of the I-section.
e Ensures stiffened interior web panels to reach requirement for post-buckling shear.
Web shear buckling limit: ¢ > 1.1-t,, [S6.10.2.2-3 '04]

Check_Shear_Buckling_Limit=|"OK" if min((tr; trp)) = 1.1ty
"Limit not met" otherwise

Check_Shear_Buckling_Limit="0OK"

e Ensures some restraint will be provided by the flanges against web shear buckling.

e Satisfies assumed boundary conditions for web-flange juncture in the web-bend-buckling
and compression-flange-local-buckling formulas.
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Positive Moment Region Cross Section Proportional Limits: [S6.10.2 '04]

I
Flange proportion limit:0.1 < ILC <10 [S6.10.2.2-4 '04]
yt
3 3
tib-brb tr-br.e

Tension Flange: Iy = Compression Flange: Iyc =

12 12

I
Check_Flange_Proportion_Limit:=| "OK" if 0.1 < i <10
Lyt
"Proportion not within bounds" otherwise
Check_Flange_Proportion_Limit="OK"

e Establishes I-section proportional limits in order to ensure validity of equations in specification.
e Ensures more efficient flange proportions and prevents the use of sections that may be
particularly difficult to handle during construction.
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Negative Moment Region Cross Section Proportional Limits: [S6.10.2 '04]
WEB PROPORTIONS: [S6.10.2.1 '04]
Web slenderness limit: b < 150 [S6.10.2.1.1-1 '04]

tw

D
Check_Web_Slenderness, := | "OK" if — < 150

tW.Il
"Limit not met" otherwise
Check_Web_Slenderness, = "OK"

FLANGE PROPORTIONS: b [S6.10.2.2 '04]

Flange weld distortion limit: f <120 [S6.10.2.2-1 '04]
2 tf

bfen  bfb.
Check_Flange_Limit,,:=|"OK" if max(( L =~ | |< 120
2ten 2tfbn

"Limit not met" otherwise
Check_Flange Limit,="OK"
D

Web depth to flange width aspect ratio: bs > " [S6.10.2.2-2 '04]
. e D
Check_Flange_Web_Limit,:=| "OK" if mln((bf.t.n btb.n )) 2 g
"Limit not met" otherwise
Check_Flange_Web_Limjt= "OK"
Web shear buckling limit: t > 1.1t [S6.10.2.2-3 '04]

Check_Shear_Buckling_Limity:=| "OK" if min((try trp)) > 1.1ty

"Limit not met" otherwise
Check_Shear_Buckling_Limit , ="OK"

I
Flange proportion limit: 0.1 < X <0 [S6.10.2.2-4 '04]
Iyt
3 3
t ‘b t b
Tension Flange: Iy , := ftnPftn Compression Flange: Iy, = f.b.n"Pfb.n
12 12
ch.n

Check_Flange_Proportion_Limit,:=| "OK" if 0.1 <

< 10
Iyt.n

"Proportion not within bounds'otherwise

Check_Flange_Proportion_Limit, = "OK"
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SEVICE LIMIT STATE: Control of Permanent Deflection [S6.10.4 '04]

Positive Moment Region:

Flexure check for top flange steel:  f; < 0.95-Ry-Fyf [S6.10.4.2.2-1 '04]

The compression-flange flexural stresses resulting from unfactored loads are as follows:

Mpci

Mpci = 3202-kN-m bCl of = fbc1_cf = 190.6 MPa
STop_Steel_NC

MbpC2

Mpc2 := 161-kN-m D2 cf = b2 _cf = 2.1 MPa

STop_Steel_LT

Mbpw

Mpw := 404 -kN-m DW of = —— fbw_cf = 5.4MPa
STop_Steel_LT

MLL_m
MLL_1M = 3565-kN-m fLL IM_of = ————— fLL M _cf = 10.9MPa
S‘Top_Steel_ST
Appying Sevice II Factors:
fservicell_cf =M [ 1-O'(fDCl_cf) + 1-0'(fDC2_cf) + 1-0'(fDW_cf) + 1-3'(fLL_IM_cf) :|
fservicell cf = 212.2MPa
Hybrid factor: [S6.10.1.10.1 '04]

Because the compression flange in the positive moment regoin is the same yield strength as
the web the hybrid factor can be taken as:

Rh:=1.0

Flexure check for top flange steel:
Check_Comp_Flange_Service_IL:= | "OK" if fservicell_cf < 0.95-Rp-Fyc

"Permanent deflection limitation exceeded" otherwise

Check_Comp_Flange_Service_II="OK"

fserviceH_cf

PR_Comp_Flange_Service_Ili=7——
(0.95-Rn-Fyc)

PR_Comp_Flange_Service_II=64.7 %
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1
Flexure check for bottom flange steel: f; + E 41 < 0.95 ‘Ry-Fyf [S6.10.4.2.2-2 '04]
The tension-flange flexural stresses resulting from unfactored loads are as follows:
Mpc1
fpci tf = — fpci_tf = 190.6 MPa
SBot_Steel_NC
Mpc2
fbco tf = —————— foca f = 7.3MPa
SBot_Steel_LT
Mpw
fpw ¢f = —— fpw tf = 18.3MPa
SBot_Steel_LT
MLL_1M
fLL M ¢f : fLr, M ¢ = 149.4MPa

SBot_Steel_ST
Applying Service II Factors:

fservicell_tf =M [ 1.0-(fDC1_tf) + 1'0'(fDC2_tf) + 1'0'(fDW_tf) + 1'3'(fLL_IM_tf)}
fservicell_tf = 410.3MPa

Flange lateral bending stress: [S6.10.1.6 '04]
fj := 0 MPa
Hybrid factor: [S6.10.1.10.1 '04]
F
p = min((ﬂ 1.0)) p =07
Dy := dBot_Steel_ST— tf.b Dy = 1233.4mm
Afn == Acp Ay = 10000.0mnt
2-Dy-t
Bi=—— B = 3.454
Afp
3
12 A3p -
Ry = +p(3p ) Ry, = 0.96
12+28

Flexure check for bottom flange steel:
Check_Ten_Flange_Service_II:=|"OK" if fgervicell_tf < 0.95-Rp-Fy¢

"Permanent deflection limitation exceeded" otherwise
Check_Ten_Flange_Service_II="OK"

fservicell_tf
(0.95-Rp,-Fy)
PR_Ten_Flange_Service_I1=92.9 %

PR_Ten_Flange_Service_Il:=
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Negative Moment Region:
Flexure check for top flange steel: f; < (.95 ‘Ry-Fyf

[S6.10.4.2.2-2 '04]

The tension-flange flexural stresses resulting from unfactored loads are as follows:

MDC1.n
Mpci.p = 5592-kN-m fpcl tfn = fpci_tf.n = 202.1MPa
STop_Steel_NC.n
Mpc2.n
Mpc2.n = 288-kN-m fbco_tfn = fbco_tf.n = 4.1MPa
STop_Steel_LT.n
Mpw.
Mpw . = 721-kN-m fpw tfn = 1 fow fn = 10.3MPa
STop_Steel_LT.n
MLL M
MLL _M.n = 3854 kN m fLL IM_tfn = fir ™M tfn = 27.1MPa
STop_Steel_ST.n

Appying Sevice II Factors:

fiervicellttn =N -(1.0C1 fn + 1.0 tfn + 1.04Dw ten + 130 1M tfn)

fserviceH_tf.n = 251.7MPa
Hybrid factor:

F
p:= min((ﬂ l.Ojj
Fyt.n

Fytn.1 = Fytn-STop_Steel_Comp.n

Dy = (dTop_Steel_Comp.n_ tf.t.n) if Fyt.n.l < Fyt.n.Z

(dBot_Steel_Comp.n - tf.b.n) otherwise

Afp = |Afgn if Dy = dTop_Steel_Comp.n — t.tn

Afpn otherwise

2‘Dn‘tw.n
' Ay

Ry = L2 B-(3p - 93)

12+2B
Flexure check for top flange steel:

[S6.10.1.10.1 '04]
p =07

Fytn.2 = Fyc.n-SBot_Steel_Comp.n

Dy = 728.3mm
Agy = 21600.0mnt”

B =0.94

Ry, = 0.98

Check_Ten_Flange_Service_II, :=| "OK" if fiervicell_tfn < 0.95-Rp-Fytn

"Permanent deflection limitation exceeded" otherwise

Check_Ten_Flange_Service_II,, = "OK"

fserviceII_tf.n

0.95-Rp Fy( )

PR_Ten_Flange_Service_Il;;:= (

PR_Ten_Flange_Service_II,=55.5%
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Flexure check for bottom flange steel: f; + %-fl < 0.95-Rp-Fyr [S6.10.4.2.2-1 '04]
The compression-flange flexural stresses resulting from unfactored loads are as follows:

; _ Mpcin

DClctn = SBot Steel_NC.n fDCl_cf.n = 179.1MPa

; _ Mpcaa

DE2ctn = SBot Steel LT.n fDC2_cf.n = 7.8MPa

; _ Mpwn

DW._ctn == SBot Steel_LT.n fDW_cf.n = 195MPa

; M v

HV et SBot_Steel_ST.n fLL_M_cfn = 72.8MPa

Appying Sevice II Factors:

fservicell cf.n =M- [1-0'(fDC1_cf.n) + 1~0'(fDC2_cf.n)}
+1.0-fpw _cfn + 1.3 '(fLL_IM_cf.n

fservicell cf.n = 301.0MPa

Flange lateral bending stress: [S6.10.1.6 '04]
fin = 0-MPa

Hybrid factor: [S6.10.1.10.1 '04]
Ry = 0.98

Flexure check for bottom flange steel:

1
Check_Comp_Flange_Service_Il:= | "OK" if fservicell cfn + E.fl'n < 0.95-Rh-Fycn

"Permanent deflection limitation exceeded" otherwise
Check_Comp_Flange_Service_II,="OK"

fservicell_cf.n

0.95Rh-Fycn)

PR_Comp_Flange_Service_II, := (

PR_Comp_Flange_Service_II,=66.3 %

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

0-48

Web Bend Buckling Check: f. < F.y

Flange stress due to service II loads:
fservicell cf.n = 301.0MPa

fserviceII_tf.n = 251.7MPa

fserviceII_cf.n
D¢y = dp —tfbn

|fserviceH_cf.n + fserviceH_tf.n

Dc'n = 711.5 mm

9
kn = —— kn = 30.0

2
DC.II
D
0.9 E k,

Ferwn == min| |—— Fycn Ferwn = 485.0MPa

=)

Check_Web_Bend_Buckling_Service_II,,:=

"Web bend buckling occurs
Check_Web_Bend_Buckling_Service_II,="OK"

fserviceII_cf.n

PR_Web_Bend_Buckling_Service_II, :=

crw.n

PR_Web_Bend_Buckling_Service_II,= 62.1%

Copyright National Academy of Sciences. All rights reserved.
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"OK" if fserviceH_cf.n < Ferwan

"otherwise
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STRENGTH LIMIT STATE: [S6.10.6 '04]
Positive Moment Region: [S6.10.7 '04]
COMPACT SECTIONS: [S6.10.7.1 '04]

Sections that satisfy the following requirements shall qualify as compact sections:
e the specified minimum yield strengths of the flanges and web do not exceed

485 MPa,
e the web satisfies the requirement of Article 6.10.2.1.1, and: [S6.10.7.1.1-1 '04]
. . .. 2'Dcp Eg
e the section satisfies the slenderness limit: < 376 | —
Depth of web in compression at the plastic moment: [D6.3.2 '04]
Ybar — t.t
Dcp = max Dep = 126.2mm
0 mm

. . 2'Dcp Eq Fye D
section:= | "Compact" if < 3.76- | — |-| max < 485 MPa|-|— < 150
5% ch Fyt %

"Non-compact" otherwise

section= "Compact"

Strength limit state check: M, + %‘fl'sxt < 0¢-Mp [S6.10.7.1.1-2 '04]
Nominal Flexural Resistance: [S6.10.7.1.2 '04]
Dp = ts + thaunch + Ybar Dp = 401.1 mm
Dy = tg + thaunch + d D¢ = 1600.0mm
My = |Mp if Dp < 0.1-Dy M, = 11880.6kN-m  [S6.10.7.1.2-1 '04]
Dp .
Mp -11.07 - 0.7- (Ft) otherwise [S6.10.7.1.2-2 '04]

In continuous spans, the nominal flexural resistance of the section shall not exceed:

Mp = 1.3-Rp-My [S6.10.7.1.2-3 '04]
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Hybrid factor:

F
p = min((ﬂ 1.0))
Fyt

Dy = dBot_Steel ST—tf.b

[S6.10.1.10.1 '04]

= 0.7

ke

D, = 1233.4mm

Afn = Agp Agy = 10000.0 mni
o 20wt B = 3.454
. Afn .
3
12 \3p -
Ry = +p(3p -5 Ry, = 0.96
12426
Yield moment bottom flange: [D6.2 '04]

Mpci = 3202-kN-m
Mpc2 = 161 kN-m
Mpw := 404-kN-m
MLL, 1M = 3565-kN-m

1.25Mp1 1.25Mpc2 + 1.5-Mpw MaD
Fye=m- + +
y
SBot_Steel NC S T

(Fyt 1.25-Mpc 1.25-MDC2+1.5.MDW)

SBot_Steel LT Bot_Steel S

MAD = SBot_Steel ST |— - '
N SBot_Steel NC SBot_Steel LT

Map = 5018.6kN-m
My :=n-(1.25-Mpci + 1.25-Mpc2 + 1.5-Mpw + Map)
My = 9828.4kN-m
Nominal Flexural Resistance:
Mj, = min ((Mp 1.3-Rp-My)) [S6.10.7.1.2-3 '04]
M, = 12249.6kN-m
Factored moment due to strength I load combination about major axis: [S6.10.1.6 '04]
My_strength_I = 1.25-Mpcy + 1.25-Mpc2 + 1.5-Mpw + 1.75-MLL,_1m
My_strength_1 = 11048.5kN-m
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Flange lateral bending stress: [S6.10.1.6 '04]
fi := 0-MPa
Elastic section modulus for tension flange: [S6.10.7.1.1 '04]
M
Sy = —= Sy = 2.0% 10" mnt’
Resistance factor for flexure:
0f:=1.0 [S6.5.4.2 '04]

Check Strength I Flexure:

1
Check_Strength_I_Flexure:=|"OK" if My_gtrength I + g'fysxt < oMy [S6.10.7.1.1-2 '04]

"Flexural resistance failure" otherwise

Check_Strength_I_Flexure="OK"

1
Mu_strength_l + g 'fl'sxt
PR_Strength_I_Flexure=

o f ‘Mp
PR_Strength_I_Flexure=90.2 %
DUCTILITY REQUIREMENT: [S6.10.7.3 '04]
Dp = 401.1mm
D¢ = 1600.0 mm

Check_Ductility:= | "OK" if D, < 0.42-Dy Check_Ductility= "OK" [S6.10.7.3-1 '04]

"Brittle failure"otherwise

Dp

PR_DuctﬂityZ= W
. N t

PR_Ductility= 59.7 %
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Positive Moment Region:

Shear: e The provisions of Article 6.10.9 shall apply.

Shear Resistance: V. = ¢,-V;

Resistance of unstiffened web in positive moment region:

Plastic shear force:

Vp = 0.58 Fyy Dty Vp = 3641.8kN

Shear buckling coefficient for unstiffened condition:

k=5

Es 'k

C:= 110 if b < 1.12-

tw wa

(%)

C=0.53
Shear buckling resistance:
Ver = C-Vp
Shear resistance of unstiffened web:

y
E 'k D
s if — > 1.40-
2 wa by

Vr_unstiffened =0y Ver
End Panel From Abutment:

1.12 | Esk | Eq-k
. if 1.12- <
D) Fyw Fyw
tW
1.57

D Es -k
— <140 [—
tyy Fyw
Es'k
wa

Ver = 1922.1kN

Vi unstiffened = 1922.1kN

Shear from factored loads at abutment location: Vu_Strengthl = 1772-kN

[S6.10.7 '04]
[S6.10.6.3 '04]
[S6.10.9 '04]
[S6.10.9.2 '04]

[S6.10.9.2-2 '04]

[S6.10.9.2 '04]

[S6.10.9.3.2-4 '04]

[S6.10.9.3.2-5 '04]

[S6.10.9.3.2-6 '04]

[S6.10.9.3.3-1 '04]

[S6.10.9.3.3 '04]

Check_Shear:= | "OK-Unstiffened Design"if Vy_Strengthl < Vr_unstiffened

"Increase shear resistance" otherwise

Check_Shear = "OK-Unstiffened Design"

Vu_s hI
PR_Shear := _uotrengthl,

Vr_unstiffened

PR_Shear = 92.2 %
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Negative Moment Region: [S6.10.7 '04]
Sections that satisfy the following requirements shall qualify as compact sections:
e the specified minimum yield strengths of the flanges and web do not exceed
485 MPa,
e the web satisfies the requirement of Article 6.10.2.1.1,
and:
2-D E '
e the section satisfies the slenderness limit: < <57 a [56.10.7.1.1-1°04]
by F yc.n
Depth of web in compression in elastic range: [D6.3.1 '04]

The tension-flange flexural stresses with strength I factors applied is:

Mpci.n
Mpcin = 5718-kN-m fpci ten = foc1 tfn = 206.7MPa
STop_Steel_NC.n
Mpc2.n
Mpc2.n = 288-kN-m fpco_tfn = fpco_tf.n = 6.7MPa
STop_Steel_Comp.n
Mpw.
Mpw == 721-kN-m fow it = - fow tfn = 16.8MPa
STop_Steel_Cornp.n
MLL M.n
MLL tM.n = 3625-kN-m  fip 1 ¢n = fiL 1 tfn = 84.4MPa

STop_Steel_Comp.n

fotrl_een =M [ 1.25-(fpc1_if.n) + 1.25-(foca_ifn) + 1.5-(fow _een) + 1_75.(fLL—I_tf.n)}
fsul tfn = 439.5MPa

The compression-flange flexural stresses with strength I factors applied is:

MpcC1.n
fDCl _cfn = fpc1 cf.n = 183.1MPa
SBot_Steel_NC.n
MD(C2.n
fbc2_cfn = fpc2 cfn = 8.4MPa
SBot_Steel_Comp.n
MDWw n
fow_cfn = fow cfn = 21.1MPa
SBot_Steel_Comp.n
MLL_Mn
fLL 1 cftn = fLL I cf.n = 106.0MPa

SBot_Steel_Comp.n

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

0-54

fstrI_cf.n =1 '[1-25'(fDC1_cf.n) + 1-25'(fDC2_cf.n) + 1-5'(fDW_cf.r1) + 1-75'(fLL_I_cf.n)}

fstl cf.n = 456.5MPa

D fstrI_cf.n d ‘
cn = ‘dpn — U b.n '
|fstrI_cf.n| + fstrl_tfin [D6.3.1°04]
D¢ = 663.0mm
2'Dc.n Es
Web_slenderness:= | "[6.10.8 '04] or [Optional Appendix A '04]"if <57
tw.n ch.n
"Slender web - [6.10.8 '04]" otherwise
Web_slenderness= "[6.10.8 '04] or [Optional Appendix A '04]"
Slenderness ratio of compression flange:
bfbn '
Ay = Ai, = 6.8 [S6.10.8.2.2-3 '04]

Eg
Aptn = 038 | - hptn = 7.7 [S6.10.8.2.2-4 '04]
yc.n
Eg
Aetn = 0.56- Mep = 11.4 [S6.10.8.2.2-5 '04]
ch.n

[S6.10.1.10.2 '04]

Load-shedding factor:

E - 1
7\'I'W.Il =577 s 7\‘I‘W.n =115.7 [S6.10.1.10.2 4 04]
Fycn

2-Dep -t
e = —— awe = 0.9 [S6.10.1.10.2-5 '04]
beb.n trb.n
2'Dc.n
Ry = | 1.0 if < Mwn [S6.10.1.10.2-2 '04]
tw.n
2-D
1— Awe . cn Awn [S6.10.1.10.2-3 '04]
min 1200 + 300-ay,c twn ’ otherwise
1.0
Ry, =1.0
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0-55
Hybrid factor: [S6.10.1.10.1 '04]

F
p = min(( A 1.0)) p =071

Fyen
Mytn = Fytn'STop_Steel_Comp.n Myc.n = Fyc.n*SBot_Steel_Comp.n
Dy = (dTop_Steel_Comp.n_ tf.t.n) if Myt.n < Myc.n

(dBot_Steel_Comp.n_ tf.b.n) otherwise
Dy = 728.3mm
. 2

Afn = |Afgn 1f Dy = dBot_Steel_Comp.n_ tf.t.n Ay = 18000.0 mmi

Afpn otherwise

2-Dy-t
= 0 Wn B =1.133
Afn
3
12+ p-\3p —
Re B(p p) Ry = 0.98
12+2B
Nominal flexural resistance of the flange to local buckling: [S6.10.8.2 '04]
Fyen = |(0.7-Fyen) if 0.7-Fyen < Fywn [S6.10.8.2.2-6 '04]
Fywn otherwise
Fyrn = 339.5MPa [S6.10.8.2.2-1 '04]

[S6.10.8.2.2-2 '04]
FneFLB.n = [(RoRnFyen) if Apn < Appy

F Mo = Aot
P S QP LU B IR L Rp'Rp-Fyen | otherwise
Rh'FyC.n xrf.n - 7"pf.n

Fhe FLB.n = 476.3MPa
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Lateral torsional buckling resistance: [S6.10.8.2.3 '04]
Unbraced length:

Lpq = 6000mm
Depth of web in compression for non-composite section in elastic range:
Dep = dBot_Steel_Comp.n_ t.b.n D¢ p = 728.3mm
Radius of gyration about vertical axis:

b
Ten = Lo Iy = 144.9mm [S6.10.8.2.3-10 '04]

1 Dcn tw.
12.]1 42 S0 W0
3 bfbn-ttbn

Limiting unbraced lengths:

E
Lpn = Ttn' F—S Ly = 2942mm [S6.10.8.2.3-4 '04]
yc.n
Eq
Lin =%t | T Lyn = 9244.1 mm [S6.10.8.2.3-5 '04]
yc.n

Moment gradient factor:

moment at middle largest moment at moment at brace

of unbraced length: either brace point: point opposite to Mo:
MDClid.n = 3747-kN-m MDCl1p q := 5592-kN-m MDClg q := 1901-kN-m
MDC2pid.n := 193-kN-m MDC2j ;, := 288-kN-m MDC2, j, := 98-kN-m
MDWyid.n := 483-kN-m MDW, ;, == 721-kKN-m MDW, ;, == 245-kN-m

MLL_IMpyidn = 2908 kN-m  MLL_IMp j, := 3854-kN-m MLL_IM, j := 1962-kN-m
stress at middle of unbraced length:

1.25-(MDClpig.n + MDC2ppidn) + 1.5(MDWpnign)  1.75-( MLL_IMipid.n)
+

fmid.n =
SBot_Steel_NC.n SBot_Steel_Cornp.n

fmid.n = 329.7MPa
largest stress at either brace point:

. 1.25-(MDClp, + MDC2; ;) + 1.5-(MDW, 1) 1.75-(MLL_IMb )
2.0 = +

SBot_Steel_NC.n SBot_Steel_Comp.n
H = 467.2MPa
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0-57
Moment gradient factor:
stress at brace point opposite of,f
1.25:(MDClg , + MDC2, ) + 1.5(MDW,, ) 1.75-( MLL_IM, ;)
n = +
SBot_Steel_NC.n SBot_Steel_Comp.n
fon = 192.2MPa
fi . = max ((2 fnidn—Hn fon)) f n = 192.2MPa [S6.10.8.2.3-11 '04]
Cp:=|1.0 if |Hh, = 0-MPa [S6.10.8.2.3-6 '04]
f .
mid.n > 1.0
Hn
2
1.75 - 1.05 (fl‘“ +03 [fl'“) otherwise
75-1.05-|— 3 W '
£ £y [S6.10.8.2.3-7 '04]

Cp = 1.4

Elastic lateral torsional buckling stress:

CpRy 1> E,

Fern =
' 2
(Lb.nj
I'tn

Nominal flexural resistance of the flange to lateral torsional buckling:

Fcr.n = 1575.8MPa [S6-10-8-2-3'8 '04]

1. compact unbraced length:
Fnc_tn = (RyRnFycn)
Fne 1.n = 476.3MPa

2. non compact unbraced length:

e - (e ]

Rb'Rh'ch.n

Fpe 2.n = min

Fre 20 = 476.3MPa

3. slender unbraced length:

- ) (( Fern )j
nc_3.n -= mMin
Rb'Rh'ch.n

Fre 3.0 = 476.3MPa

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

0-58

Nominal flexural resistance of the flange to lateral torsional buckling:
FneLTB.n = Fnc_l.n if Lpp < Lp.n
Frc_2n if (Lpn < Lon)-(Lomn < Lrn)
Fne_3n if Lon > Len

FnC'LTB'n = 476.3 MPa

Fne. FLB.n
Fnc LTB.n

Resistance factor for flexure:
d¢:= 1.0 [S6.5.4.2 '04]

Check compression flange buckling:

1
Check_Comp_Flange_Strl:= | "OK" if fs7 cfn + E-fl < O0fFnen [S6.10.3.2.1-2 '04]

"Flexural resistance failure" otherwise
Check_Comp_Flange_Strl;, ="OK"

1
fstrI_cf.n + E fin

PR_Comp_Flange_Strl:=
Of-Fnen

PR_Comp_Flange_Strl;; =95.8 %

Discretely Braced Flanges in Tension: [S6.10.3.2.2 '04]
Check flange nominal yielding: f,, + fj < ¢-Rp-Fyy [S6.10.3.2.1-1 '04]
Check_Ten_Flange_Yield_Strly:= | "OK" if fsu1 ¢fn + fin € ¢ Rh-Fytn

"Tension flange yield occurs" otherwise
Check_Ten_Flange_Yield_Strl,="OK"

fstrl_tfn + fin

ofRn 'Fyt.n
PR_Ten_Flange_Yield_Strl =92.3 %

PR_Ten_Flange_Yield_Strl,:=
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Negative Moment Region: [S6.10.7 '04]
Shear: The provisions of Article 6.10.9 shall apply. [S6.10.6.3 '04]
Shear Resistance: V. = ¢-V, [S6.10.9 '04]
Resistance of unstiffened web in negative moment region: [S6.10.9.2 '04]

Plastic shear force:

Vp = 0.58-Fywn-D-twn Vp = 3641.8kN [S6.10.9.2-2 '04]
Shear buckling coefficient for unstiffened condition:
k:=5 [S6.10.9.2 '04]
Eq-k
C:= |10 if < 1.12. [S6.10.9.3.2-4 '04]
tw.n wa n
[ 112 k D Eq -k
=" if L12. | — < < 1.40. [ — ,
D yw.n ywn  bwa yw.n [S6.10.9.3.2-5 '04]
- | tw.n
| Es -k D Es -k
o7 5 (F i j if — > 1.40. FS
w.n tW.Il w.n
b g g [56.10.9.3.2-6 '04]

- tW.Il

C =053
Shear bucking resistance:
Ver =C-Vp Ver = 1922.1kN [S6.10.9.3.3-1 '04]
Shear resistance of unstiffened web:

Vr_unstiffened = q)v'Vcr Vr_unstiffened = 1922.1kN

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members
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1st Interior Panel From Pier:
Shear from factored loads at pier: Vu_Strengthl = 2377 -kN

Check_Shear, =

"Increase shear resistance" otherwise

Check_Shear;, = "Increase shear resistance"

Therefore, add a stiffener between pier and 1st cross frame:

Stiffener spacing from pier stiffener:  d, := 3-m
k:=5+ . k=59
do
D
D E -k
c=|10 if =— <112 |=
tw.n wa.n
i 1.12 E.k ] ‘k D Eq. 'k
= if 112 | —— < — < 140 |—
D wa.n yw.n tw.n wa.n
- tW.Il -
" 1.57 Ek E. k
1= if — > 1.40- [ —
D 2 wa.n tw.n yw.n
- tW.Il
C =0.63
0.87-(1-C 2-Dty,
V= [ v [o+ 2EEZD 17 = <25

AL (bf.t.n ‘tfen T bfbn -tf.b.n)
1+ | —
D

(C -Vp) otherwise

V, = 2753.0kN

Check_Shear_1st_Int_Panel_Str_I:= | "OK" if Vy_gtrengthl < ¢y-Vn

"Increase shear resistance" otherwise
Check_Shear_1st_Int_Panel_Str_I,="OK"
Vu_StrengthI

o \% Vi
PR_Shear_1st_Int_Panel_Str_I,=86.3 %

PR_Shear_1st_Int_Panel_Str_I:=

"OK-Unstiffened Design"if Vy_strengthl < Vr_unstiffened

[S6.10.9.3.2 '04]

[S6.10.9.3.2-7 '04]

[S6.10.9.3.2-4 '04]

[S6.10.9.3.2-5 '04]

[S6.10.9.3.2-6 '04]

[S6.10.9.3.2-1 '04]
[S6.10.9.3.2-2 '04]

[S6.10.9.2-1 '04]
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0-61

2nd Interior Panel From Pier:

Because the distance between the previous stiffener and the 1st cross frame from the pier
is the same, there in no need to check the next panel. The panel will have the same shear
resistance with lesser applied design shear force.

3rd Interior Panel From Pier: [S6.10.9.3.2 '04]
Shear from factored loads at 6 m from pier: Vu_Strengthl := 1922-kN

Stiffener spacing from Ist cross frame stiffener: d, ;= 3-m

K54 —2 k=59 [S6.10.9.3.2-7 '04]
do )
D
E, k
c= |10 if < 1.12. [S6.10.9.3.2-4 '04]
tw.n wan
[ 1.12 k E -k E. kK
: if 1.12 >~ < < 1.40. | — '
D v wn  twn Fywn [S6.10.9.3.2-5 '04]
L (tw.n
- E. k E. K
ol 2.(FS ) it > 1.40. | —
w.n tW.Il w.n
D Y Y [S6.10.9.3.2-6 '04]
- tW.Il
C =063
0.87-(1-C 2-D-ty, 1
Vo= [[Vpros 222029 4 a5y w.n C oy [8610932:1'04]
)2 (bf.ntecn + bbn-trbn) [S6.10.9.3.2-2 '04]
1+ (—)
D
(CVp) otherwise [S6.10.9.2-1 '04]

V, = 2753.0kN

Check_Shear_3rd_Int_Panel_Str_I:= ["OK" if Vy_Strengthl < ¢y Vn

"Increase shear resistance" otherwise
Check_Shear_3rd_Int_Panel_Str_I,="OK"
Vu_Strengthl

¢y-Vn
PR_Shear_3rd_Int_Panel_Str_I,,=69.8 %

PR_Shear_3rd_Int_Panel_Str_I;,:=
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0.9 Summary
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Figure O-5 Moments calculated from unfactored permanent dead loads.
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Figure O-6 Shears calculated from unfactored permanent dead loads.
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Figure O-7 Moments calculated from unfactored live loads excluding girder
distribution factors.
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Figure O-8 Shears calculated from unfactored live loads excluding girder distribution
factors.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13853

Effective Slab Width for Composite Steel Bridge Members

-4000

-3000 -

-2000

1

—

o

=

o o
|

Moment (kN-m)
S
S
S
l

2000 A

3000 A

Maximum Live Load Moments (Including GDF)
—— Fatigue Moments (Includes GDF)

4000
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AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
DHS
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
TSA
U.S.DOT

Abbreviations used without definitions in TRB publications:

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
American Public Transportation Association

American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Department of Homeland Security

Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Institute of Transportation Engineers

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

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

Transportation Security Administration

United States Department of Transportation
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