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ABSTRACT

Fenske, Thomas E., Ph.D., Purdue University, December 1987.
Optimal Girder Bridge Study via CASE: Computer-Augmented
Structural Engineering Methodology. Major Professor:
Muzaffer Yener.

Fabrication of steel member sections from plate
components is becoming much more economical than at any time
previously. This dissertation presents the development of a
design methodology that includes the structural synthesis
process as an integrated component of a Computer-Aided
Design and Draft (CADD) system for girder bridge design.
The synthesis is based upon minimum cost of the
superstructure using unit price values. The constraints are
imposed according to the American Association of State
Highway and Transportation Officials (AASHTO) specifications
with the option of using either the Working Stress Design
method or Load Factor Design method. Both the concrete
roadway deck and steel girders are considered in the
synthesis process. The process allows the steel girders

to be fabricated with either stiffened or unstiffened

webs, but restricts the synthesis to evaluation of a single

- depth girder throughcut the bridge superstructure. The

effect of utilizing fabricated girder sections composed of

various plate thicknesses, widths, and depths causes a



xii

variation in
section properties throughout the girder. This nonprismatic
member effect is included in the analysis and synthesis
processes. The nonprismatic element stiffness matrices are
derived based upon a classical formulation and employing
numeric quadrature techniques. An extremely efficient
analytical approachl‘has been developed to perform the
complex analysis which results from the traﬁersing vehicle
loading,

This CADD methodology has been developed so as to allow
extension into a Computer-Aided Manufacturing (CAM)
environment. The key factor in the ability to extend this
methodology to encompass CAM is based upon the use of
é&ﬂ fabricated components. This unique formulation, exclusive
to CASE, is possible due to the relational database
architecture developed for the CASE methodology. The
database holds specifically that information required by the
fabricator to order material for the manufacturing process,
schedule plant operations, operate numefic control

machinery, and control shipping and inventory.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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I. INTRODUCTION

1.1 General

A recent survey by the Federal Highway Administfation
(FwHA) [1] has indicated that two highway bridges out of
every five in the United States are critically deficient or
functionally obsolete. The seriousness of this problem has
prompted the development of a federally aided highway
program [2]. However, because of economic constraints,
priority must be placed on determining which bridges must
have immediate replacement and which require only modifica-
tions to prolong their service life. Obviously, the cost of
replacing every deficient bridge in this country would be
prohibitive. Hence, economy must be considered as well as
safety in bridge design; both are of paramount importance in
bridge evaluations.

To assist the structural engineer in his bridge evalua-
tion, recent attention has focused on computer-aided
engineering (CAE) methods ({3,4]. However, these methods
have had only limited success because they are based upon
heuristic or so-called traditional design approaches.

Traditional methods of design and fabrication of structural



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

systems, in general, and bridge superstructures, in
particular, are changing due to the present economic
climate. Fabrication of steel member sections from plate
components is becoming much more economical than at any time
previously. A prime example of this trend is the "Autofab"
[5] structural steel fabrication plants of Europe where the
manufacture of certain civil engineering-type structures has
been automated. Extension into this automated process
possesses enormous potential for cost reduction and improved
speed, accuracy, and reliability. However, even in the
Autofab environment, a major restriction has hindered the
application of Computer-Aided Design and Drafting/Computer-

Aided Manufacturing (CADD/CAM) in civil engineering. This

" restriction is due to the uniqueness of a civil engineering

structure as compared to the generally mass-produced
structures in the aeronautic, automobile, and appliance
industries. In civil engineering-type structures, at
present, considerable fabrication and engineering costs
result from the need to interpret analysis results, create a
design based wupon these data, and detail/draft the
components of the structure. Clearly, there is a need for a
structural design methodology that is reliable plus being
both cost-effective and time-efficient,

To address this need, this thesis considers the
conceptualization and foundation development of a "rational

and systematic" structural design methodology that will be
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amenable to the CADD/CAM environment for steel girder
bridges. The steel girder bridge utilized in this study is
illustrated in Figure 1.1. This bridge system was selected
for examination bécause the girder bridge. is the most
predominant bridge type in the United States. This
structural design methodology will hereafter be referred to
as CASE{ an acronym for Computer-Augmented Structural’
Engineering. Although this work has been developed for
girder bridges (e.g., CASE~GBRIDGE) [6,7], the methodology,
with appropriate modifications, may be applied to the design
of other structural systems [8,9,10]. To underscore this

need for the CASE development, the National Science

= Overall Bridge Deck Width=
Roadway Width —=

‘\Gunrdmll
(box type)

f'Concrete Roadway l]eck-}

Girder Interior Exterior
Diaphragm Glrder Girder

FIGURE 1.1 - Steel Girder Bridge Segment




Foundation [11] has recently stated, "The development of
CAD/CAM has more potential to increase productivity than any
invention since electricity." As the evolution of automated
manufacturing  extends into the civil engineering

marketplace, an automated design approach must be available,

1.2 The Structural Design Process

The art of structural engineering is that of designing

_a structure, such as a bridge, spacecraft, or building, to
either support or house some specific functional operation
or process efficiently and reliably, while simultaneously
maintaining the economics of the stfucture. This structural
design process consists of two interdependent components,
@Ef (1) analysis and (2) synthesis [12]. The determination of
whether a given structure will be able to satisfy a given
set of functions (loads) is known as the analysis of the
structure. On the other hand, the determination of the best
possible structure to satisfy the given set of functions is
the synthesis (i.e., component selection) of the structure.
The design of a structure is partly dependent on the
experience gained by the designer from the analysis of
similar type structures and partly dependent on economic,
sociological, and aesthetic factors. In essence, the goal
of all structural engineering design is to obtain an
"optimal" structure, as determined by some quantifiable

measure.
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The optimum structure may be defined as a structure
that satisfies all design constraints, such as stress and
deflection limitations, imposed by the governing design
specification and yields, iﬁ general, either minimum cost or
weight. Since the structure's st;esses and deflections can
only be determined from an analysis of an initial trial
structure, the design constraints and cost (function) are
defined on the basis of these énalytical results. The
optimal structure is obtained through a search process which
minimizes the cost or weight and satisfies all design
constraints. A search process based upon a direct
analytical optimization procedure can be used only for the
simplest of structures possessing very few unknown design
variables. For more complicated structures, such as a
bridge system, computer automated techniques [13-16] must be
applied to obtain the optimum design.

The complexity of a structural system is controlled by
the number of and interéonnectivity of individual
components. Structural systems are physically composed of a
large number of components, such as beams and columns, which
contribute to the common purpose of the structure. 1In
general, the total structure is designed by investigation of
each individual component and verification of the overall
structural performance. The process involved in the design
of a bridge superstructure is, therefore, highly iterative

and requires constant updating of information. The design



o
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activities involve many changes in the configuration,
primary structure, and material. Thus, it is realized that
the structural design process is iterative in nature,
requiring data to be continually manipulated between several
decision-making processes in order to obtain the final
"optimal" design. Therefore, to effectively control the
evaluation, storage, and transfer of information in a
complex design problem, such as a bridge superstructure, a
computer system is required.

It must be noted that the structural design process
focusing on analysis and synthesis is only a portion of the
total design process. The "total structural design" process
consists of conceptualization, analytical evaluation and

decision making, and final production segments.

ANALYTIC DECISION

EXPERT
SYSTEHS

AI II

DESIGN can/cay
MALYSIS / Smests| FETAL /

CADD

FIGURE 1.2 - Total Design Components
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Conceptualization relates to type of structure, such as
steel or concrete, framing arrangement, joint fixity, etc.
Analytical evaluation and decision making is the analysis/
synthesis process. The final production aspect of the total
design process refers to the detailing and fabrication of

the structural systen. Figure 1,2 illustrates the

segments of the total design process., Structural design

traditionally has considered only the analytical evaluation
segment of the total design process. This traditional
design process can be classified into two general
catagories: (1) conventional design and .(2) computer-
assisted design (synthesis); both are usually referred to as
Computer-Aided Design (CAD). This ambiguity of nomenclature
is due to the fact that both use the computer for analysis;
however, only the computer-assisted design method uses the
computer to aid in synthesis. Figures 1.3 and 1.4
illustrate the philosophies of conventional and computer-

assisted structural design, respectively.

1.3 Computer-Assisted Design

Structural design is based upon an iterative process
which attempts to optimize the design by minimizing the cost
or weight while maintaining the safety and integrity of the
structure. In the conventional structural design procedure,
this iterative process is based on a heuristic approach and

keeps the engineer busy performing manual calculations when
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considering each design alternative. Contrast this to the
computer-assisted design process where the design is changed
automatically based on a certain optimality criterion which
utilizes a logical procedure to optimize the criterion while
satisfying all of the design constraints.

It is apparent, then, that the computer-assisted design
procedure is more efficient in dealing with details of
design. Multiple and complex constraints are routinely
handled and the automated process ,reduéeé the total
engineetring time, which is especially significant in large,
redundant structures. In addition, the automated design
process forces the designer to identify a set of design
variables explicitly, the cost (objective) function to be
minimized, and the constraint functions imposed upon the
system. This rigorous formulation of the computer-assisted
design problem helps the designer to gain a better under-
standing of the true behavior of the structural system and
is generally termed structural synthesis.

While this theory of optimization for structural
optimization has been known for more than two decades, its
use has been limited in practical design applications. It
is often difficult to identify the cost function for the
structure and, before automated fabrication, where only
specific, hot-rolled sections were available, it was deemed
ineffective. Another difficulty of the computer-assisted

design process is that it does not include opportunities to
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%&; vary the conceptuality of the design.. An efficient design
process would allow the engineer to include his judgment and
experience to interpolate intermediate results while
utilizing the optimal solution procedures in evaluating the
detail aspects of the design, that is, using interactive
programming in a computer-assisted design procedure.

The develépment of the interactive programming mode was
required to allow the integration of the various decision
making stages into the total structural design process.
Interactive programming allows the engineer to direct the
program flow by terminal response to intermediate program
results. The engineer effectively controls the design
process by interpreting the intermediate results and

@Eﬁ directing the computer through the desired calculations

until the finalized design is achieved. The engineer can

combine his knowledge, experience, and judgment with the
power and speed of the computer, drawing on codes and
specifications as well as his experience to formulate all
criteria which must be investigated for each structural
design., Thus, in the formulation of any "rational and
systematic" design procedure, the methodology is mandated to
employ computer-assisted design methods and include

interactive programming capability.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

1.4 CASE: Computer-Augmented Structural Engineering

In the early days of development, the benefit from the
computer for structural engineering was primarily in the
analysis stage, where the speed and accuracy of the computer
was welcome., However, as computer-aided design evolved into
traditional and computer-~assisted methods; it has become
integrated with computer-aided drafting. There are several
advantages to using a Computer-Aided Design and Draft (CADb)
system versus the traditional methods of design and
detailing. Graphics display of the structural configuration
and member stresses will allow the engineer to rapidly
verify his design by visual inspection. Once the design has
been completed, the computer can take over the production of

égé: thé working drawings. Here again, the designer can use his
experience and judgment to ensure that the conversion of the
design into working details results in a practical solution,
Since incorporating a computer-assisted design methodology
into a CADD system would speed the engineering process,
allowing the designer more freedom to investigate several
alternati&es as: well as increasing the quality of the
drawings and production process, the overall cost will be
reduced.

Ihcorporating computer-assisted design techniques into
a "rational and systematic" structural design methodology
applicable to girder bridges which are fabricated in a

computer-aided manufacturing environment presents special
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restrictions. Unlike typical mass-produced structures, such
as airplanes, automobiles, etc., a distinct feature of all
civil engineering type structures is that each is uniquely
defined. Each civil engineering type structure (buildings,
bridges, etc.) possesses appropriate, individually-defined
building width, building height, roadway width, girder
spans, design loads, etc. The problem in developing a
CADD/CAM structural design approach for this type of
structure is in formulating the structural system so as to
allow for the integration of the analysis, design, and
manufacturing components. An impertant feature of the CASE
methodology is the formulation of the standard analysis
member from fabricated component inputs. Fabricated
@Ef components are detailed parts which represent each component
of the structure exactly as it would be manufactured, i.e.,
plate widths and thicknesses, stiffener sizes, spacing, etc.
This formulation process of developing structural analysis
members from fabricated component input is described in
Chapter 3.

The fabricated component concept is the crucial step in
development of a CADD/CAM design methodology. Utilization
of fabricated components results in the mathematical model
of the structural system used in the design process being
composéd from the actual structure instead of a simplified
representation. Thus,' the analytical mcdel actually

represents the details of the "true" structure, where the
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engineer designs and sets the parameters for manufacturing
fabricated components from start to finish with information
being stored in the computer database.

The CADD portion of the system allows the designer to
construct a geometric model, analyze the structure, perform
kinematic studies, and produce engineering drawings. The
CAM portion of this system allows the user to create
numerical instruction for controlling machine tcoliné and
process robots plus allowing coordination of plant operation
with a factory management system. Within the near future,
using this CADD/CAM procedure will greatly reduce overall
cost by simply eliminating needless work and drawings.

In summary, the requirements for CASE to be a "rational

and systematic” structural design methodology applicable to
a CADD/CAM environment can be briefly stated as:

a) The structural designer is assisted in performing
the overall design task, but not allieviated of the
design responsibility;

b) The methodology is suitable for interactive
programming that includes structural synthesis in a
CADD environment and has the ability to extend into
the area of CADD/CAM, provided the availability of
computer hardware and manufacturing equipment. The
essential ingredients for this requirement are:

i) modular.development,

ii) database development and management strategies,
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iii) conceptualization of new preprocessing and
postprocessing methods (fabricated component
concept) ,

iv) efficiency and speed in the design process;

c) The methodology is able to address practical design
problems and produce wuseful practical design
results from conceptualization to final product
phase.

Note that the methodology is amenable to microcomputer
systems and, thus, can be applied to virtually all design

environments.

1.5 Limitation of Previous Studies

There have been previous investigations into the area
of computer-aided engineering (CAE) and, more specifically,
into the subject of plate girders and composite girder
bridge systems. All of these previous studies, however,
possess serious shortcomings in view of the "rational and
systematic" structural design methodology requirements
previously stated. The limitations of previous studies will
be grouped and briefly examined in this section.

In the area of CAE, there have been a few recent
attempts to extend the computer usage into the design
process. The aerospace and automobile industries [17,18]
have extensively utilized CAE over the past ten years but,

as yet, usage for civil engineering type structures, in



S
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actuality, has been void. There has been considerable
effort in the area of computer-aided conceptualization ([19]
for building systems but, as yet, no functional methodology
has been produced. Some attempts have been made to apply
CADD to structural engineering systems. These basically
consist of employing a standard finite element analysis
package with a preloader for data input. For these systems,
the drafting component is the major emphasis, but requires a
separate input from the design process. These applications
have excluded data transfer between the various analysis/
synthesis/fabrication stages. There have been attempts to
ailow for data transfer through the design and detailing
phases [20]. However, these require the use of overlay
graphics and only simulate the actual system by ab
mathematical model. At the present time, no methodology
exists that allows complete transfer of data to be utilized
in the "total structural design" process or that can form a
basis for a CADD/CAM environment.

Structural synthesis (nonlinear optimization) research
has been conducted on welded plate girders to various
degrees and with varied success for the past several years.
In relation to composite girder bridges, however, these
efforts have some major limitations, so as to restrict their
applicability and usefulness severely. Virtually all
studies have been conducted using weight as the objective

function to be minimized, neglecting entirely the
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fabrication cost. The majority of studies has been
restricted to statically determinate structures, thus
circumventing the problem of interdependence of optimum
member properties and internal distribution of load. The
studies that have considered the continuity of the bridge
system have restricted themselves to doubly symmetric
sections, which are not optimal in composite sections, and
have been optimized based upon the section modulus of the
restricted section. It must be.noted that the optimal
moment of inertia of a fully-braced section, which controls
the internal 1load distribution, is different from the
optimal section modulus. Another restriction has been the
general assumption of constant section properties in the
analysis stage, causing inaccurate force distributionms.
Furthermore, except for proprietary codes developed by
major steel manufacturers, the implementation of the Load
Factor Design (LFD) method, in accordance with the American
Association of State Highway and Transportation Officials
(AASHTO) [21], has not been examined. One reason that the
LFD method has not previously been investigated is that the
design approach has not been universally accepted by the
individual states. The exclusion of other code provisions
also have hindered the applicébility of several such
studies; this includes neglecting lateral bracing conditions
and employing constant maximum allowable stress in the

optimization process.
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("‘l There have been several recent investigations intc CAD
applications té bridge systems. These have basically been
limited to assistance in the analysis process and have made
no attempt as to synthesis of the structure. These
investigations have been conducted with the use of a
mainframe computer, although it should be noted that some
analysis codes are currently being investigated for possible
use on microcomputers. Also, examinations into more
reliable analytical models for nonprismatic members have
been given considerable attention, but these studies all
have been limited to nonprismatic members that can be
expressed as soﬁe form of a continuous function. In the
previous studies, mathematical models are used to

é{f approximate the structure, assumptions are made to simplify
program development, or restrictions are made regarding the
behavior of the system. These techniques

' greatly reduce or, in some cases, nullify the practical
usefulness of the research., The developed CASE methodology
significantly reduces the limitations of the previous
studies by virtue of its basic formulation. As applied to
girder bridges, this methodology includes all pertinent
AASHTO specifications and design methods and allows
consideration of composite or noncomposite sections,
prismatic or nonprismatic beams, and simply supported or
continuous spans. Most significantly, the mathematical

analysis model formulation used in all previous studies is
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replaced by a theoretically exact formulation of the system
by utilizing fabricated component dimensions and properties
as program input. Furthermore, previous to this study,
investigations into the interaction 6f the roadway slab and
steel girders, consideration of the CADD/CAM concept, or

interactive programming were not examined.

1.6 Objectiﬁes of and Scope of Investigation

The purpose of this research is to develop a "rational
and systematic" design methodology, CASE, for structural
engineering via microcomputer application and to draw
conclusions regarding the overall utility of such a
methodology as applied to civil engineering type structures

@Z” fabricated in a CADD/CAM environment.

This research will consider, in particular, a composite
girder bridge (GBRIDGE) system; however, it will be
applicable to all civil engineering structural framing
types. The CASE methodology addresses, in a general sense,
the means to include systematically all decision-making
components in the total design process., Also, this work
will identify and study optimal dimensions of bridges
consisting of concrete deck and steel stringers subject to
different stress, serviceability, and geometric constraints.
The bridges considered in this study are simply-supported
single spans and continuous two or three span highway

bridges with moderate span lengths which are sufficiently
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long to require fabrication of the girder section. More
specifically, the research project examines:

a) Conceptualization and formulation of a design
methodology for «civil engineering structural
systems that can be utilized in a effective and
efficient manner in a CADD/CAM environment:

i) formulation based upon concept of fabricated
components,
ii) database structure and management,
iii) modularity programming structure;

b) Addressing specifically the effect of variable
plate components and arrangements in the analysis
of the superstructures, i.e., account for
nonprismatic girders;

c) Implementation of optimal design to girder bridge
superstructures, considering both the roadway
concrete deck and supporting steel girders;

d) .Including consideration of both AASHTO Working
Stress Design and Load Factor Design methods into
design philosophies.

It is important to note that the CASE methodology was
developed for use on a microcomputer, and nonlinear
programming methods that are reliable and accurate on
microcomputers are implemented in the structural synthesis
process. In this study, the computer language used is

interpreter BASIC. The effectiveness and efficiency of the
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CASE methodology, reflecting the computer limitations, will
be evaluated based upon accuracy, reliability, and the
ability to verify results since these are the criteria under
which structural engineers design.

Due to the limitations of available computer and
manufactﬁring equipment, it is not intended to develop the
complete CASE methodology, ‘but rather to formulate the
structuré so that the utility and practicality of employing
the integrated design approach for «civil engineering
structures in a CADD/CAM environment is fully demonstrated.
Only the CADD portion is extensively examined in context of
formulation, automated analysis, and synthesié. While it is

clearly demonstrated that the CASE methodology is structured

such that extension into a CADD/CAM environment can be
implemented, the computer implementation and manufacturing
numeric control operations of the final product phase are

not included within the scope of this research.

1.7 Organization of the Dissertation

Chapter 1 has served as an initial introduction to the
CASE methodology; stating why the methodology is needed, the
requirements of developing such a methodology, and the
advantage of same. The first chapter also has included a
brief description of limitations of previous studies plus
the scope and objectives of this particular research effort.
A synopsis of various aspects of computer-aided engineering,

.
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%&g their related progress, and current status is examined in
the second chapter. The unique features of the CASE
methodology are described in Chapter 3. The formulation of
structural analysis members from the particular fabricated
components used for girder bridges is illustrated, along
with the essential components required for implementation of
the methodology, i.e., CASE-GBRIDGE.

The structurai design process is composed of analysis
and synthesis, and each is examined separately herein. The
concepts and formulation employed by the bridge analysis are
presented in the Chapter 4, including such topics as
investigation of nonprismatic members and the efficient
analytic approach for bridge analysis. In Chapter 5, the

@Ef structural synthesis (nonlinear optimization) of the bridge

superstructure is considered. After examination of

appropriate methodologies for elemeﬁt component synthesis
amenable for use on a microcomputer, the general development
of the cost function and constraints is examined. The costs
considered are based upon current unit prices presently
encountered in a steel fabrication plant environment.

The application of CASE-GBRIDGE is examined in Chapter

6., The modular, interactive nature of the implementation of

GBRIDGE is described through the use of an example bridge

system. The general utility of the method is reviewed while

demonstrating its immediate practical application. In the

final chapter, the results and conclusions from
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implementation of the CASE methodology are considered, along
with recommendations for future studies to extend the

foundation of CASE developed herein.

o
a0
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II. LITERATURE SURVEY AND HISTORICAL BACKGROUND

2.1 General

The éxplosion of cohputer capabilities during the early
1960's encouraged the structural engineer to use the
computer in analysis of structures. The analysis and
synthesis of a structural system was formally introduced
into the structural design process by Lucien Schmit with his
theory on structural synthesis [12]. Schmit's research has
spawned several studies into various aspects of the design
of structural members by computer-assisted methods.

This chapter will examine briefly the background and
development of (a) Computer-Aided Engineering, .(b) Struc-

tural Synthesis, and (c) Bridge Superstructure Design.

2.2 Aspects of Computer-Aided Engineering (CAE)

In the 1960s, engineers began routinely to apply
computerized problem=-solving methods to a wide varieﬁy of
structural engineeriné problems. At that time, technology
was limited to unintegrated batch processing and gave little
or no attention to efficient management of data. In the
1970s, significant advances were made in computer hardware

technology which increased the acceptance and usage of
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computer methods in structural engineering. These advances
included increased computing capabilities, the advent of
time shares, allowing a greater number of engineers access
to computing equipment, and, most significantly, the
development of the microcomputer,

While drastic changes occurred in computer hardware
technology, changes in computer programming techniques have
come far more slowly. Primarily, advances in applications
software for structural engineering have focused on the
development of computer graphics systems. However, more

rrecently, several studies have successfully applied computer
methods in the area of advanced structural analysis. File

management and the extensive use of databases have not been

implemented to any significant degree due to the fact that
the computer science techniques required to implement such
features are beyond the scope of computing knowledge
possessed by most engineers. This, in turn, has hindered
the development of a truly interactive and integrated
analysis and design program.

Computer usage in structural engineering has grown
significantly since the early 1970s. At that time, the only
common structural engineering applications were analysis
(usually restricted to linear elastic models) and detailing
of certain repetitive structural ccmponents. The work that
has been done since that time in CAE for structural

engineering has basically concentrated on improvement and
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expansion of drafting effects. This is mainly a result of
the lack of adequate data storage techniques; present
methods of data storage and access continue to fall short of
the techniques required to effectiveiy expand the use of
computers in structural engineering. Current methods
generally fall into one of three catagories [22]:

* temporary files: used by many large structural
analysis programs (usually unformatted or
binary) for segmentation purposes, backup/
restart, or postprocessing;

* explicit interface programs: used for
performing the necessary conversions and

reformatting when the output of one program

{

serves as input for another;

* text files: used to save both input and output

data (usually alphanumeric and formatted).
The first two methods exhibit a total dependence on the
application software; the third catagory provides no
information to the data management system other than the
name of the file.

There have been a few attempts to develop improved data
storage techniques for wuse in structural engineering
analysis/design software. Rynearson and Gamel [20] have
developed a model- called CADS which utilizes a database to
share data for multi-discipline coordination of the total

design process and to create engineering drawings. A
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software package developed by the U. S. Army Corps of
Engineers [19] is similar. A model developed by White [23]
(but not implemented) discusses the integration of CAD/CAE
into a larger scheme <called CIE (Computer-Integrated
Engineering). In this model, the system must be capable of
supporting graphics, large-scale design, access to data on
an interdisciplinary basis, and inteffacing to existing
analysis programs, simulation programs, and material control
systems.

During the past few years, much work has been done in
the area of integrated application software development.
Geometric modelling is having a major impact, especially in
the automotive and aerospace industries. These two
industries have been particularly successful in extending
computer usage into the design process; however, as yet,
application of these CAE techniques to civil engineering

structures has been largely nonexistant.

2.3 Structural Synthesis

2.3.1 Girders

Most research in the area of synthesis of welded plate
girder bridges has been related to the determination of the
cross-sectional dimensions for given values of bending
moment and shear. Razani and Goble [24] described a
procedure for minimum cost design o¢f noncomposite

symmetrical plate girders for continuous highway bridges



27

%&r using the 1961 AASHTO specifications. The web thickness,
web height, and flange width were held constant but the
flange thickness was allowed to vary by splicing. The
minimum cost design was obtained by using a iterative flange
smoothing method to balance material and fabrication costs.

Instead of using mathematical models, Goble and
DeSantis [25] used a cost table in a minimum cost design
method for composite continuous welded bridge girders. The
objective function was the material «cost plus the
fabrication cost. In this study, the depth of the girder
was considered constant. The girder was symmetrical in the
-negative moment region and, in the positive moment region,

where composite action occurs, the top flange width was a

fixed percentage of the bottoﬁ flange width., The design
variables were the top flange thickness, the web thickness,
the distance between web splices, and tﬁe type of steel at
each analysis point along the girder. The design parameters
included span length, girder spacing, strength of the
concrete, thickness of the concrete slab, effective concrete
flange, modular ratio, and the ratio of top flange width to
bottom flange width. Using a smoothing technique, Goble and
DeSantis determined the optimum number and locations of the
web and flange splices. A two-stage grid search was
implemented to establish the minimum cost flénge width and
web height based on the information previously generated on

splice points and on the material types. An approximate
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%Lﬁ procedure was used to select a trial section. The bottom
flange thickness was determined by designing a flange for a
symmetric girder subject to the maximum combination of dead
and live load; the top flange was determined by applying
dead load only. The smoothing technique and two-stage grid
search were then reapplied to improve the design.

There have been several investigations into the
synthesis of plate girders that are not part of bridge
systems, For example, Holt and Heithecker [26] used
calculus to derive formulas £for the minimum weight
proportions for laterally supported symmetric plate girders
without web stiffeners. The three design variables
considered in this study were the flange area, thickness of

@ the web, and the height of the web. The proportions of

rolled steel beams were compared to the theoretical optimum

proportions. Chong [27] applied calculus to derive
equations for minimum cost design of unstiffened hybrid
beams; the objective function was based on material cost.

Equations were developed for optimum web thickness, optimum

web height, and optimum flange area. The end result was a

uniform girder fully stressed in bending and shear at

critical locations. Both of these studies were based upcn

American Institute of Steel Construction (AISC) specifi-

cations for elastic design.

Annamalai, Lewis, ana Goldberg [28] developed a

computer program for minimum cost design of noncomposite,
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simply supported plate girders, in accordance with AISC
specifications. The program allowed for stiffened and
unstiffened girders; only two‘splices were allowed in each
flange. These researchers followed Goble and DeSantis in
the cost optimization process, using only the unit cost of
steel and a fixed welding cost, but expanded the welding
costs to include material cost and labor cost. They also
estimated the total cost for various configurations. 1In
this proéram, the nonlinear programming technique called
backtracking was used for the optimization.

Goble and Moses [29] developed a computer program for
minimum weight design of symmetrical plate girders with or
without adequate lateral support. This research was similar
to previous studies except that the minimum weight problem
was converted to an unconstrained minimization problem,
i.e., application of Segmented Unconstrained Minimization
Technique (SUMT). ‘Azad [30] and Vachajitpan and Rockey [31]
developed curves for minimum weight design of noncomposite
girders.

More recently, the synthesis of welded plate girders
has been formulated as a mathematical programming problem in
which various programming techniques are used, such as the
dynamic programming method used by Azad f32], the penalty
function method employed by Sheu [33], and the various

methods outlined by Mumuni [34].



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

30

2.3.2 Nonlinear Optimization

Structural synthesis has been referred to, in some
reports, as nonlinear structural optimization. There are
three types of optimization methods which can be applied to
structures: (1) graphical, (2) analytical, and (3)
numerical. The graphical approach is limited, obviously, to
quite simple problems which éan be graphed in
two-dimensional space and, as a result, is rarely used. The
analytical, or classical, method of optimization is based on
the condition that the first derivatives of the objective
function with respect to the independent variables must
vanish at the optimum. Thus, analytical optimization
techniques are restricted to appropriate problem types.'

Numerical methods, or mathematical programming tech-
nigues, are used to optimize structures which can be modeled
using finite element methods. One of the significant
features of these techniques is that no "a priori"
assumptions are made regarding which constraints will be
critical at the optimum, Mathematical programming can be
divided into two types: linear (LP) and nonlinear (NLP).
While linear programming techniques can be applied to
structural optimization problems in a few restrictive
instances, most frequently, the structural synthesis problem
will be nonlinear in nature.

The structural synthesis process seeks to select design

variables that yield the "best" member within the limits
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placed on the structural behavior by the design code

specification, The 1limits are constraints in the

optimization process and there are a large number of

nonlinear constrained programming methods available. At

‘present, only some of these methods have been successfully

applied to structural optimization [29,35]. The most
successful of these methods are the transformation or
penalty function method, the complex (Box) method, and the
enumeration method of backtracking.

A transformation method is any method that solves the
constrained nonlinear problem by transforming it into one or
more unconstrained optimization problems. This technique is
often termed SUMT [36], an acronym for Sequentially
Unconstrained Minimization Technique. The various trans-
formation methods include the exterior and interior penalty
function methods as well as augmented Lagrangian or
multiplier methods. As the constrained problem is
transformed into a sequence of unconstrained problems, any
of a large number of unconstrained search techniques méy be
employed. Each successive unconstrained search starts from
the solution of the previous search until the desired
convergence is attained.

The Box method is a procedure based on the "complex"
method developed by M. J. Box [37]. It is a sequential
search technique which can be applied effectively to

nonlinear programming problems which are subject tc
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nonlinear inequality constraints. (The presence of linear
or equality constraints will significantly reduce the
effectiveness of this algorithm.) The procedure is intended
to find the global minimum (or maximum) due to the fact that
the initial sets of points are randomly scattered throughout
the feasible region. One advantage to this method is that
this search technique requires no derivatives.

The backtracking technique is an enumeration method.
These methods have a simple structure and allow for complex
coding, code constraints, and design details, They also
overcome or bypass many of the problems generated by many
other types of mathematical programming techniques. It is
important to note that enumeration techniques are applicable
to discrete value functions only; furthermore, the only
industrial implementation of optimization that has been
successfully applied to plate girders is the enumeration
method of backtracking [5,38]

The backtrack method [39] solves nonlipear constrained
function minimization problems by a systematic search
approach. The object of this method is to find a vector of
variables X = {xi} (i=1,2,...,n) which will minimize the
objecéive function and also satisfy the design constraints
gj(xi) < 0 (3=1,2,...,p)s For the variables, series of
discrete variables are given in increasing order.
Generally, a partial search is performed for each variable

and, if the possibilities are exhausted, a backtrack is made
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and a new partial search is carried out. This procedure can
be applied successfully to discrete, nonlinear optimization

problems regardless of the complexity of the constraints.

2.4 Bridge Superstructure Design

2.4.1 Analysis Methods and Studies

Classical ﬁethods, approximation methods, and numerical
methods are the three types of analysis methcds applied to
civil engineering structures. Classical analysis is based
upon the exact solution of the governing differential
equations of the system. Classical methods have been
applied in a number of studies [40-43]. However, the

limitations of these methods, which are applicable only to

relatively simple geometry, loading, and boundary
conditions, restricts the usefulness to a very narrow range
of problems,

More complex problems must be solved wusing an
approximation method or a numerical method, Approximation
methods include energy methods, such as'the principle of
minimum potential energy, variational principles, such as
the Galerkin method and the Ritz method, and perturbation
methods. However, the application of approximate methods is
limited to uncomplicated boundary conditions and simple
variation of thickness. It must be remembered that the use
of an approximation method will yield just that -- an

approximate analysis solution,

§

e
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The numerical methods of analysis are based on the
principlés of finite elements and finite differences.
Finite element analysis allows for a more exact analysis
than can be achieved using the approximation methods and is
applicable to a far wider range of problems than either of
the other types of analysis methods. Numerical methods have
been applied successfully to tapered plates [44], circular
plates [45], elements of varying thickness [46-49], and
nonprismatic members [50-52],

The two general analysis methods most frequently used
in the bridge analysis problem are the flexibility method
and Newmark's numerical procedure of successive
approximations [53]. Most older programs use the
flexibility method with a constant flexural stiffness (EI)
to generate influence lines [54]. Busek [55] applied this
method in a program for optimizing a rolled section highway
bridge girder. Newmark's method is the method most
frequently employed in current computer applications due to
the ease and simplicity of implementation. Clugh and
Biggers [56] used Newmark's method to develop an algorithm
for generating stiffress matrices for nonprismatic
beam-column members. However, this method is rather
inefficient in terms of computer execution time,

Recently, attention has been focused on application of
the finite element method to bridge analysis. General

purpose finite element programs, such as ANSYS and NASTRAN,
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have been developed to énalyze a broad range of structures
and loading types [57]. One of the most common applications
of these general purpose programs is in the area of bridge
design, particularly three-dimensional analysis of a
complete bridge system. An analysis of this type, including
cross frames, horizontal bracing,v and main longitudinal
membérs, presently is feasible only in special cases due to
the considerable set~up time involved. However, significant
reductions of overall bridge cost and enhancements to safety
can be achieved through such an analysis. These finite
element programs are especially helpful in the analysis of
special loading conditions, such as thermal, seismic, or
wind loads, in determination of realistic lateral
distribution factors for girder bridges, in the accurate
analysis of curved or skewed bridges, and in the evaluation
of alternative load paths involving lateral components.
Some customized programs include work by Schelling, Freeman,
and Smith [58] and the SIMONS program developed by the State
of Wisconsin.

The effect of nonprismatic members has been
investigated recently by several researchers. Karabalis and
Beskos [59] applied a finite element method for analysis of
linear elastic plane structures assuming continuous shape
function distributicn. Eisenburger [60] derived explicit
terms for the stiffness matrices of several common

nonprismatic members with the stiffnesses based on the
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flexibilities of the element. Zochowski and Mizukami [61]
and Mikkola and Paavola [62] have also studied the
application of finite element methods to nonprismatic

structural elements.

2.4.2 Computer Assisted Design Methods

There have been many compﬁter programs developed to
take advantage of the speed and efficiency of cdmputers in
the analysis of .structural systems. Some have been
developed by state highway and transportaticn departments or
public educational institutions. Others are proprietary
codes developed by private companies. Many such programs
exist for the analysis of girder bridge systems.

@Ef BRCOM, a microcomputer program for bridge analysis and
rating, was a project of the Rural Technology Assistance
Program of the Federal Highway Administration. This program
analyzes several types of bridge superstructures. The
superstructure can be composite or noncomposite; BRCOM also
allows consideration of a simple span or continuous span
bridge. The program first evaluates the section properties
for each element, A force analysis is used tc compute the
shear, moments, and deflections due to dead load and 1live
load. The analysis is based upon the flexibility method
where the variation in member properties are approximated.

The shear, bending moment, and deflections are computed for
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the tenth points along each member span length so as to
develop critical load envelopes.

Bethlehem Steel Corporation has developed a proprietary
computer program for weight and cost comparison of
preliminary design for plate girder stringers in highway
bridges [63,64]. This program operates on a supercomputer
and can analyze and design either simple spans or continuous
spans to a maximum of six. The girders can be unstiffened,
transversely stiffened, or have both transverse and
longitudinal stiffeners, and can be either hybrid or
homogeneous. An important feature of this program is that
it includes AASHTO specificﬁtions for both Working Stress
Design and Load Factor Design.

@25 The Bethlehem program selects an initial web thickness
| and height. The stiffener spacing then is determined and
flanges selected, After ¢the girder geometry has been
established, the program considers both material cost and
fabrication cost in determining a relative cost factor for
each trial girder. The cost analysis considers these costs
for flange splices, web splices, web to flange welds,
attachment of stiffeners, attachment of shear connectors,
radiographic inspection, blast cieaning, and painting.
However, it disregards diaphragms, field splices, bearings,
and erection costs, among others. After the cost factor is
computed, the web thickness is incremented by 1/16 inch for

two or three increments with the procedure repeated for each

g
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increment. The web height then is incremented by three
inches for three increments with the procedure again
repeated for each increment. The results include a summary
of each trial design Qith the relative cost index. The most
economical designs are elaborated upon with more detailed
design information.

USX Corporation (formerly U. S. Steel) has developed a

computer program for the analysis and design of plate girder

‘bridges. Starting with a program developed by the Wisconsin

Department of Transportation, this program was expanded upon
and modified to create the USX program which is called SIMON
(65,66]. SIMON follows the 1973 AASHTO specifications and
1974 interim specifications and, like the Bethlehem Steel
program, considers both the Working Stress Design and Load
Factor Design methods. The program operates on a
supercomputer and can evaluate simple spans or up to eight
continuous spans. The bridge structure may be composite or
noncomposite, and SIMON allows for hybrid girders, ear
haunches, and tapered haunches.

SIMON calculates a performance ratio for each of the
design criteria; the performance ratio -is the calculated
value divided by the allowable value. A ratio greater than
1,0 indicates that the design is nct acceptable. The
program checks the number of trials against a limiting value
and compares the girder weight and maximum performance ratio

with those calculated in each previous cycle. SIMON can
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select the lightest weight design for the flange widths and
web height specified. The program does not, however, vary
the web height to find the minimum weight design. To check
other web heights, the program must be re-executed.

The California Department of Transportation has two
programs for the analysis of simple span, composite girders:
the Composite Girder Design program and Composite Girder
Cross Section Analysis/Flange Design program [67]. These
programs do not produce an optimum design; however, they
will evaluate the minimum weight design for a specified web
height and thickness specified.

The Composite Girder Design program designs shear
connectors and transverse web stiffeners, calculating
@ZV moments, shears, required flange areas, and deflectionms.
The results include three sets of curves for the symmetrical
half span. The first set of curves includes the required
area of the top and bottom flanges and the static moment of
the transformed concrete divided by the moment of inertia of
the composite section. The second set of curves includes
the shear envelope, the stiffener moment of inertia, and the
maximum transverse stiffener spacing, The third set shows
live load shears and curb railing shears. The Ccmposite
Girder Cross Section Analysis/Flange Design program deter-
mines the necessary sizes of the top and bottom flanges for

a.composite girder.
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The North Carolina Department of Transportation has
developed a computer program for composite plate girders
[68] which is similar to the USX SIMON program. This
program uses performance ratios to adjust thicknesses of the
top and bottom flanges. Changes in flange thickness are
made until the lightest weight design is found for the given
web height and web height to thickness ratio.

The Virginia Department of Highways and Transportation
has a program to analyze and design simple span composite
girders [69]. This program uses the 1973 AASHTO specifi-
cations, modified to follow the design specifications of the
department, and designs homogeneous girders of A36, A588, or
2441 steel. In the analysis, the initial trial values
@E? default to a minimum flange width of 12 inches and a minimum
flange thickness of 3/4 inch if no initial values are
specified. The thickness of the flange plates are increased
before the width is increased if the girder is found to be
overstressed. To account for the dead weight of bracing and
other miscellaneous steel, the girder weight is increased by
11 percent for spans up to 150 feet in length and by 18
percent for spans over 150 feet. This program does not
produce an optimum bridge design; it selects the minimum
weight design for the web height specified.

The Department of Transportation of the State of
Georgia has developed a program to analyze simply supported,

composite plate girders for highway bridges [70]. The
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program has provisions for the design of girders using A44l,
A588, A572, or A514 structural steel but does not use
current AASHTO specifications. The Georgia program can
select the plates for a composite plate girder but, as with
the other programs mentioned here, cannot generate an

optimum minimum weight or minimum cost design.
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III. THE CASE METHODOLOGY

3.1 General

The need for and requirements of a "rational and
systematic" design methodology for civil engineering type
structures that is applicable to structural fabrication in a
CADD/CAM environment has been detailed in Chapter I. The
development of such a methodology possesses enormous
potential for cost reduction and improved speed, accuracy
and reliability. A major restriction that has hindered this

g:7 design methodology development is due to the uniqueness of
civil engineering structures as compared to the generally
mass-prcduced structures in the aeronautic, automobile, and
appliance industries. Additionally, the development of such
a methodology has not been previously undertaken because of
the comprehensiveness required through several broad
scientific areas: structural engineering, computer science,
numeric methods, mathematical programming, etc. The
development of the CASE methodology eliminates these
restrictions.

To demonstrate how the CASE methodology is applicable
to steel girder bridges, this chapter considers: (a) Foun-

dation of CASE Methodology, (b) Database Development and
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Management Strategy, (c) Interactive Control and

Modification, and (d) Programming Modules of CASE.

3.2 Foundation of the CASE Methodology

The development of a "rational and systematic" design
methodology that considers CADD/CAM applications for civil
engineeriﬂé structural types presents difficult data
modéling problems. The typical structure designed and
manufactured in an éutomated. manufacturing environment is
generally a "single-item" mass-produced structure. Examples
of these types of mass-produced structures are automobiles,
airplanes, appliances, etc. In contrast, the typical civil
engineering structure is uniquely defined by its individual
gecmetry, loading, members, and material composition. The
problem lies in developing an appropriate model for civil
engineering structures that will allow for efficient,
cost-effective design while simultaneously considering the
automation requirements of fabrication. This
design/manufacturing data modeling problem is actually a
reflection of how the data is implemented into the automated
manufacturing system.

In general, the analysis/design process for a mass=-
produced, "single-item" structure is rigorously performed
with only secondary consideration given to design time and
cost. This analysis/design process usually results in a

prototype structure that is physically tested and, upon
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verification as the design to be implemented, the resulting
design data then are independently introduced into the
automated manufacturing system. This automated system
operates the numeric control machines, assembly line
operations, etc., that mass produce the single-item
structuré. The overall design cost and time is abscrbed in
the final product stage without significantly affecting the
overall project success or failure. However, in civil
engineering structures, the time and cost required for both
the analysis/synthesis process and structural fabrication
significantly influence the overall project result (success/
failure). This interdependency of both cost and time is due

to the fact that the overall project time, from initial

conception to delivery of the structural framing, is
limited. All costs are reflected in the procedure used in
handling data modeling. For civil engineering type
structures and, in particular, a girder bridge, the model
that is employed in the analysis/design process must be able
to translate directly into the graphic display and
manufacturing components of a CADD/CAM design system. It is
how to define this modeling procedure to allow for the
cost-effective and time-efficient design and fabrication of
civil engineering type structures that 1is specif%cally
developed by CASE. The conceptual formulation of CASE is
fully illustrated in Figure 3.1. The development of this

complete conceputalization of CASE is not included within

A
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the scope of this dissertation. As previously stated, this
research is a presentation of the concepts and formulation
of CASE and 1lays the foundation for more extensive
implementation.

A unique and central feature of the CASE methodology is
the formulation of the standard analysis member from
fabricated component inpﬁfs, where fabricated components are
detailed parts which represent each component of.the bridge
superstructure exactly as it would be manufactured, that is,
plate widths and thicknesses, stiffener sizes, spacing, etc.
There are three general fabricated component types employed
by CASE-GBRIDGE (abutment, intermediate, and pier) to define

the theoretical structural member, with the maximum number

of parts per individual member limited to four. Regardless
of the bridge geometry, each theoretical structural member,
that is, each girder, is composed of fabricated components.
The limitation of fabricated component lengths are normally
controlled by manufacturing and shipping restrictions. The
manufacturers' available material cutting sheaf length
usually limits the length of the individual plate changes
within a fabricated compohent. The overall fabricated
component length is limited by shipping restrictions that
depend upon how the components are shipped from the
fabrication plant to the jobsite, i.e., via truck, rail, or
barge. An illustration of the three fabricated components

and their relationship to the overall bridge system is
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illustrated in Figure 3.2,

.This new method for conceptualization of the bridge
superstructure from fabricated components will allow the
mathematical model to exactly represent the true structure.
This formulation process of determining structural members
from component data input is integral to extension into the
CADD/CAM concept and is based upon utilization of a
fabricated component matrix, Fcomd. In order to describe
each individual fabricated component, thirty items are input
into Fcomd as - shown in Figure 3.3. These items include
material properties, sectional dimensions, depth changes,
and a variety of additional information. Each componeﬁt is
allowed one inner flange change, one web change, one outer
flange change, and one depth change, with all changes
currently occurring at the same location, It should be

noted that, allowing for either stiffened or unstiffened
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girder webs and composite or noncecmposite roadway and girder
action, there is a total of 244 specific fabricated
component combinations that are possible. The important
concept is that the data stored in the computer database fer
each fabricated component represents every piece of
information required to physically order the material,
fabricate the component, assemble, etc., with no outside
intervention or interpretation. Utilizing this formulation
process, the "total structural design" becomes a
computer-assisted process.

The behavior of the structural system represented in
the analysis and design process is dependent upon the
properties of the entire member (girder), not the properties
of the individual fabricated components. For the
formulation of theoretical structural members, a SPAN matrix
is derived from keying off the input of fabricated component
types, i.e., abutment, intermediate, or pier girder type.
The SPAN matrix is dimensioned such that the number of rows
is equal to the total number of theoretical structural
members. The number of columns equals four, which
represents the maximum number of fabricated components
allowed to comprise one girder. Each fabricated compecnent
is assigned a number when input. This then is placed into
the SPAN matrix in the appropriate location. For example,
if a structural member is the third member of a girder and

has two parts, 7 and 8, then element SPAN(3,1) equals 7,
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element SPAN(3,2) equals 8, and elements SPAN (3,3) and
SPAN(3,4) are both equal to zero. The control of the CASE
methodology is derived from the interaction of the
fabricated component types, fabricated component matrix,
Fcomd, and the SPAN matrix. These are the central tools of
CASE development; however, other aspects of CASE are briefly

discussed in Section 3.5.

3.3 Database Development and Management Strategy

A key element in the implementation of computer-
assisted techniques to structural engineering problems is
the flow of information between progfém segments. Within
the CASE methodology, a new database architecture has been

%Ef developed which is significantly different in its approach
to ‘data management than currently existing data models,
including the AISC database for hot-rolled sections, In the
following sections, a general overview of database
structures is given and the CASE database is discussed in

detail.

3.3.1 General Database Planning and Organization

In order to achieve successful implementation of a
CADD/CAM system, all interfacing between the various program
segments must be dealt with effectively. The efficient
structuring of data is critical to both storage needs and

execution speed. The most effective way of managing this
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transfer of information is through the use of a database.
In planning and organizing an effective database, a rational
procedure must be developed to integrate communicating,
processing, and databasing info a'coherent, comprehensive
information system. An orderly database is comprised of
data elements stored in an organized, planned fashion. A
properly organized database consists of a set of named
databaée segments in which each segment is a collection of
named files. Each file consists of an orderly set of
uniform records; each reccrd is composed of a collection of
named fields; and so on, to the smallest addressable
information element.

The acquisition, storage, processing, retrieval,
presentation, and dissemination of information in a manner
which will meet the needs of the user are the first basic
objectives which must be satisfied in the implementation of
a database. The acquisition method employed is probably the
single most important factor influencing how much the system
will be used. An efficient, easy-to-use method of entering
information into the database will be invaluable when
considering savings of data input errors and overall
modeling time. A particularly user-friendly data input
scheme has been developed for use in the CASE methodolcgy.
This input scheme is described in depth in Section 6.3.1.

The design information recorded to the database through

use of the data input segment must contain not only
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descriptions of the geometric and physical properties of the
elements of a structure but also information about the
relationships between various segments. These relationships
may be geometric (i.e., geometric and topological data) or
physical (i.e., attributes). The geometric and topological
data are necessary to define the basic physical element of a
structure. The geometry represents the dimensions and
spatial location: of each element, while the topology
describes the connections between the elements. The
topological definition of each element must be accompanied
by the corresponding geometric description in order to fix
its position in space. Attributes define the physical

composition of an element and describe its functional

characteristics. Physical properties (area, depth,
thickness, etc.), response characteristics (force, moments,
etc.), and design properties. (yield stress, modulus of
elasticity, etc.) are entered into the database as
attributes.

When considering the relationship between the database
and the data processing, i.e., data manipulation, one
requirement becomes evident. The database must be available
to all applications program modules and no module should
have its own database. One of the key objectives of an
effective database must be independence. 2Allowing different
applications‘ access to the same data eliminates needless

redundancy in the storage of necessary information. This
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independence allows changes to be made to either the data or
the program without requiring changes to the other. Thus,
the database need not be altered to accommodate new programs
and existing programs are not affected by changes to the
data structure.

The objective of data independence is to insulate the
applications programs from the data management techniques.
Thﬁs, the independent database ‘structure [22] must provide
for:

* data definition: defines the database and builds the

framework into which the attributes are placed; data
definition is performed by the database administrator
using a data definition language (DDL).

* data modification: includes insertion, modification,

and deletion of data values; performed by the user
with a data manipulation language (DML).

* data retrieval: consists of obtaining desired

' information from the database and includes the
ability to search, manipulate, and query without the
need to write application programs; performed by the
user using a structured query language (SQL).

As a result of this database independence, any application
program can communicate with the database using a host
language interface. This interface initiétes the desired

internal operations of the database.
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The ease of storage and retrieval of information from
the database is influenced largely by the data model chesen
for structuring the database. There are three database
models currently in common use: the hierarchical model, the
network model, and the relational model. The hierarchical
and network models are extremely limited in their
applicability and will be covered only briefly here. The
standard reiational model is the basis of the database
developed for use in the CASE methodology and will be
discussed in depth.

The hierarchical model is a multi-level data model
composed of nodes and links in a tree structure as shown in

Figure 3.4. The records in the highest level control the

records in the  intermediate level which, in turn, control
the records in the lowest level. 1In order to access
information stored in the Ilowest level, the application
program must search the highest level and, then, the
intermediate level before reaching the level at which the
desired information is stored.

A network model is also a multi-level database model.
However, in the network model, each node may be linked to
other nodes in both upward and downward directions, as shown
in Figure 3.5. Again, it is apparent that desired
information cannot be accessed directly but is obtained by
navigating through the database files until the required

data is located. It is clear that the_ hierarchical and
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network models share some of the characteristics which cause
them to be ill suited for unusual or extremely varied data
inquiries, In fact, the hierarchical model can be
considered to be a special case of the network model.

The standard relational database is different from the
hierarchical and network data models in a number of ways.
In a relational data model, there are no predetermined paths
between files of information. An illustration of a
relational model similar to Figures 3.4 and 3.5 Would simply
be a set of nodes with no links between them. The
relatiﬁnal database automatically creates the required links

upon demand.

| HEADERl I HEADER]

1
ITEM TTEM rrr_ E'I I TEM]
EM| [ITEM| [ITEM| ITEM| [LTEM| ITEM IITEMi imzul ITEM| [ETEM| ]ITEMl [LTEM|

FIGURE 3.4 - Hierarchical Data Model
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ITEM ITEM o« JE]

FIGURE 3.5 - Network Data Model
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The actual structure of a relational database, however,
is not represented by a set of independent nodes. A
relational model is a single-level model illustrated by a
collection of two-dimensional tables. Each table is called
a relation. The rows of a relation are called tuples and
the columns are termed attributes, All attribute values are
drawn from the same domain, i.e., they are of the same data
type. Each tuple represents a distinct entity and contains
a value for each attribute. Tuples and attributes have no
order and they may be arbitrarily interchanged without
changing the data content and/or meaning of the relation.
Tuples are accessed by means of a key, a single attribute or
group of attributes that uniquely define the tuple. Figure
3.6 illustrates the structure of a relation. A standard
notation is used to represent relations. This notation

lists the name of the relation which is followed by the

attributes of the relation enclosed in parentheses.

Relation

Name

Attribute 1

Attrioute 2

Attriute 3

Attrioute 4

Attribute 5

Tupte 1

Value 1,1

Value 1,2

Value 1,3

Value 1,4

Value 1,5

Tuple 2

Value 21

Value 8,2

Value 2,3

Value 2,4

Value 2,5

Tuple 3

Value 3,1

Value 3,2

Value 3,3

Value 3,4

Value 3,9

Tuple 4

Value 4,1

Value 4,2

Value 4,3

Value 4,4

Value 4,5

FIGURE 3.6 - Relational Data Model
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3.3.2 Database for the CASE Methodoclogy

Many cf the database facilities d&iscussed in the
previous section have been included in development of the
CASE database. The database is formulated independently of
the other segments developed within the CASE methodolcgy.
This, of course, is a primary requirement for supporting the
flexible design sequences of CASE where the program segments
may interact in a variety of sequences, where multiple
iteraticns must be performed, and where multiple alternative
designs may have to be generated and ccmpared.

Information to be stored in the CASE database is
represented as either geometric, topclogical, or attribute

ng data. The attribute data stored in the database are the
true physical properties and characteristics of each
fabricated component type. The inclusion of attribute data
is what takes us beyond simple computer-aided drafting
applications; it is the basis for éomputer-aided
analysis/design techniques and allows extension into the
computer-aided manufacturing environment., This information
allows the design under consideration to be formulated in
such a way that the fabrication plant can draw from the
design database in order to manufacture the required
components for construction and coordinate this with

shipping constraints.
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While the CASE database is basically a relational-type
data model, the architecture of the CASE database has been
extended and enhanced beyond the characteristics outlined
previously of the standard relational database. The
standard relational data model is a single-level model. The
CASE database is more complex in that it is a multi-level
model., The first level of the database stores the job name
and, in the case of GBRIDGE, the number of girders, roadway
width, etc., including a relation corresponding to the SPAN
matrix. The second level includes a relation analogous to
the Fcomd matrix, which includes all of the physical
properties and characteristics which completely describe
each fabricated component type. The data is stored here
when entered during the Data Input segment of the CASE
methodology.

Figure 3.7 illustrates the basic link between the SPAN
relation and the Fcomd relation levels of the CASE database.
For the bridge span indicated, the relation SPAN holds the
geographic data; that is, part locations are described by
addressing the particular theoretical structural member and,
further, the specific fabricated component of those which
comprise the member. It is clear, then, from Figure 3.7a,
that the first fabricated component of the first theoretical
structural member is part number one, the third fabricated
component ccmprising the third theoretical structural member

is part number five, and so on. These part numbers are
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stored in the relation SPAN as shown in Figure 3.7b.

When the user is operating the processing segments of
CASE, the data required for the analysis/design is accessed
from the database in a two~step process. When part data is
requested, the database éccesses the SPAN relation, which
contains the part number to analyzed. When the part number
to be considered has been determined, the application
segment in use then accesses the corresponding tuple of the
Fcomd relation and loads the data stored in that location
into .the Fcomd matrix for use in the data manipulation
process.

The type of data stored in the CASE database marks an
important distinction between the CASE methodology and
previous attempts in the area of CADD/CAM when applied to
civil engineering type structures. Heretofore, most
engineering databases have been structured tc store data
pertaining to sectional properties as well as the physical
characteristics of the theoretical members. A major concept
developed within the CASE methodology is to regenerate data
when possible and practical, thus eliminating unnecessary
storage of data. The CASE database holds specifically that
information which must be stored for use by the fabricator
when manufacturing the components needed for construction,
i.e., the fabricated component data. By storing simple and
efficient algorithms, the computer can regenerate section

properties, such as moment of inertia, section modulus,
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cross;sectional area, etc., in a fraction of the time
required to search the enormous number of bits of
information in the database to find the required values. As
an example, the section of the CASE source code used to
generate the composite/noncomposite moments of inertia is
shown in Figure 3.8.

It is clear that an efficient and carefully structured
database is critical to the CADD/CAM process for civil
engineering type structures. The data entered intc the

database must be available to the wide range of analysis and

&£740 SUB Mom_inertia(Ttf,Wtf,Tobf,Wbf,Tw,Dw,Imna,Nn,S1,Ip,Areastl?
E7S0 1R RIS I I IR I N NI I NN I I I I
£760 ! .
6770 ! SECTION MOMENT OF INERTIA ROUTINE
6780 !
A R T T s e I e e el Ll
6800 COM /Bxsect/ Gs,Sdl,Haunch,Tert,A_cstl,Y_cstl
1]

6810 !
6820 ! DETERMINE EFFECTIVE CONCRETE WIDTH
6830 B=Sl/4

6840 1IF Gs<B THEN B=Gs

68350 IF 12#Tcrt<B THEN B=12*Tcrt

4860 !

6870 ! CALCULATE I

6880 Areastl=Ttf*Wtf+Thf*Wbf+TwkDw

6890 larea=freastl

6900 Imom=Ttf#Wtf* (Dw/2+TLF/2) ~Thf*UWbf# (Dw/2+Thf/2)
6910 10=TLF 3*¥WtF/12+ThF I#Wb+F/12+Dw S*Tw/ 12

6920 IF Nn=0 AND A_cstl=0 THEN 7010

6930 IF Nn<>0 THEN

6940 Imom=Imom+B/Nn#Tcrt%(Dw/2+Ttf+Haunch+Tert/2)
6950 larea=larea+B/Nn*Tcrt

6960 10=10+(Tcrt~3#B/Nn) /12

6970 ELSE

4980 Imom=Imom+A_cstl* (Dw/2+Ttf+Haunch+Y_cstl)

6990 lareasalarea+A_cstl

7000 END IF ! since 10=10+0 for reinforcing stl
7010 Imnaslmom/larea

7020 Ad2=TFeWts* (Dw/2+Tt£/2-Imna) ~2+Thf %Wbf# (Dw/2+Tbf/2+Imna) *2+DwrTw*Imnat2
7030 IF Nn=0 AND A_cstl=0 THEN 7090

7040 IF Nn<>Q THEN .
7050 Ad2=Ad2+Ter t#B/Nn#* (Dw/2+Ttf+Haunch+Tcrt/2-1Imna) *2
7060 ELSE

7070 Ad2=Ad2+A_cstl* (Dw/2+Ttf+Haunch+Y_cstl-Imna)~2
7080 END IF

7090 1p=I10+Ad2

. 7100  SUBEXIT

7110 SUBEND

7120 !

FIGURE 3.8-Computer Code for Section Properties Calculation
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design sequences needed in diverse projects, such as the
unique structures encountered in civil and structural
engineering. The newly-developed architecture applied to
the CASE database has been created specifically to allow the
extension from CADD into CAM which has been so long desired.
The structure of this database permits the fabricator to
obtain the information needed to:

* order material

* schedule plant operations .

* operate numerically-controlled machines

* control shipping and inventory.

The data exchanged and shared among applications is the
key to integration. Successful transfer of data between
program segments requires that the program segments be
interactive and modular., Interactive means that the program
has multiple uses of instructions and controls by the user.
Modular structure allows for separate segment operation; the
program segmenfs can be executed independently or as a
custom design package, as required for the given structure

under consideration.

3.4 Interactive Control and Modification

The CASE methodology employs iﬂteractive programming,
thus, allowing the engineer to direct program flow via
keyboard response to intermediate program results. In

essence, the engineer effectively controls the design
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process by interpreting intermediate results and directing
the computer through the desired calculations until a
finalized design 1is achieved. This process can be
contrasted to batch mode processing in which all data is
input at the initial stage and is processed continuously
until the finalized output is printed and/or displayed, with
no allowance for interpretation of intermediate results. If
the engineer is not satisfied with the proposed design, the
entire batch prccess must be repeated. However, in certain
checking processes, the batch mode is desirable and has been
incorporated as an option in the developed superstructure
program. J

In totally interactive computing, the designer can
combine his knowledge, experience, and judgment with the
power and spéed of the computer. The engineer draws upocn
codes and specifications as well as his experience and
knowledge to formulate all criteria which must be
investigated for each design, Operating with a computer
equipped with graphics facilities, the designer can engage
in a "dialogue" with the computer in such a way that both
des@gner and computer are used to best advantage. As an
example, the graphic display of the CASE stress summary will
allow the engineer to visually verify the design and, if
modifications are required, readily implement them. The
modification procedure is rapid since the program

development has been modular and structured (in BASIC).
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It should be noted that a limitation of implementation
of CASE on certain microcomputers is that they cannot match
contemporary or older minicomputers or mainframe computers
in execution speed. However, when one.notes that, in the
interactive érocessing mode, much of the session is run at
the speed of response of the designer and not at the speed
of execution of the cbmputer, one realizes that the higher
computational épeed of the large computer is largely
untapped, Nevertheless, certain computational aspects are
affected by both the available memory size and execution

speed of the microcomputer.

3.5 Programming Aspects of CASE Methodology

All programs which perform numeric operations are
composed of three distinct phases: preprocessing,
processing, and postprocessing. The functional aspects of
each are:

preprocessing: the input of data; preliminary

sorting and problem formulation
processing: the wutilization of this data in
program calculations

postprocessing: output of program results

The CASE methodology actually medifies all three phases as
normally employed in structural engineering programs.
In the preprocessing phase, input data is garnered from

the fabricated compecnents used in the actual structure.
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Also, to help in determining whether a cross section is
adequate for a given load, analysis points are generated
along the member length, or theoretical axis, at key
locations., These locations are based on a criteria of
material changes and also are located at n/10 of the span
length, where n equals 1 to 10. Since the section
properties may change at material breakpoints, section
points are programmatically generated to include the effect
of the true variation of member properties throughout the
bridge system. This conceptualization is unique to the CASE
methodology. Figure 3.9 illustrates the locations of these
points along the span. These analysis points are the basis
for the formulation of the processing (analysis) phase.

%E7 Analytical investigation of structural systems has been
_ a&complished on microcomputer using traditional matrix

finite element methods. However, the CASE methodology, as

,. /
TO)(O e e X o)ﬂio oX o W

® Analysis points located at n/i0 along the span length.
X #nalysis points located at material breakpoint.

III Material change.

FIGURE 3.9 - Analysis Points
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applied to girder bridges, utilizes a theoretically exact
formulation of the element stiffness matrix which is the
basis of the processing phase. Nonprismatic girders are
being designed commonly for highway bridges. Hence, the
nonprismatic beam elements are essential for application in
the analysis of such girders to produce more accurate
analysis for design. The <formulation and analysis
application Sf the element stiffness matrix is examined in
detail in Chapter 4.

The postprocessing phase consists of output of the
information generated in the processing {(or analysis) phase.
At present, some of the important features of the output of

the postprocessing segment include:

* graphical display of actual and allowable stress
variation throughout the bridge system

* bridge elevations and plans

* total cost information for the bridge system and
optimized bridge sections (including concrete
roadway and steel girders)

* hard copy of output, including all bridge
information required for geometry, material
properties, and cross-sectional sizes.

CASE also allows various levels of output, from a complete
report including all available data to the printout of a
specific table or graph. In a CADD/CAM environment, this

data can be used to create engineering drawings, order
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fabricated components from inventory, instruct numerically

controlled machines to fabricate needed components, etc. As
previously discussed, the actual extension of the program
beyond CADD is not included in the scope of this research.
However, the database has been structured to allow for ready

and immediate implementation of computer-aided manufacturing.
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IV. BRIDGE ANALYSIS

4.1 General

The analysis of the bridge system is, in itself, a
rather complex task given that the girders must be designed
for an envelope of shear and moment forces produced from
sets of moving loads. These moving loads represent the
effect resulting from vehicles traversing the bridge
superstructure and the loads are distributed laterally to
the supporting girders through the roadway deck slab. This
lateral distribution effect to nonprismatic continuous
girders occurs simultaneously with the moving loads and is
one of the major influences that complicate the bridge
analysis.

All methods of structural analysié are concerned
essentially with solving the basic equations of equilibrium
and compatibility. Direct analytical solutions ate limited
to cases where the load distribution, section properties,
and boundary conditions can be described by simplistic
mathematical expressions but, for complex structures,
numeric methods generally are more reliable and efficient.

In the CASE-GBRIDGE methodology, a modified numerical



ﬁ. =y
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analysis method of displacement-based finite elements is
employed.

This chapter will examine (a) the formulation aﬁd
development of the nonprismatic element stiffness matrix,
(b) the development of the global stiffness equation and:
influence line generation, and (c) application of AASHTO

+

loading requirements.

4.2 Nonprismatic Element Stiffness Matrix Development

The procedure for applying the standard displacement
based finite element method can be stated as [71,72]:

i) The structure is discretized into & finite number

of simple gecmetric subregions, called elements.
ii) The elements are assumed to be interconnected at
a discrete number of nodal points situated on the
element boundaries. éhe degree of freedom at the
nodes, called nodal displacements (unknowns),
normally refer to the displacement at the nodes
but can also include other terms such as stresses

and strains.

iii) A shape function, in terms of the nodal
displacement parameters,is chosen to represent
the displacement £field within each element.
Based on the shape function, a stiffness matrix

is' written to relate the nodal forces to the

nodal displacement parameters, Based upon the
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applied loading, nodal forces can be formulated
and a set of simultaneous nodal force

displacement equations generated and sclved.

The solution yields the unknown nodal displacements which,
through application to the element shape £functions, are
related to internal member forces and displacement at any
specified analysis points. The key in the finite element
analysis process is the development and application of an
efficient and reliable element stiffness matrix.
Nonprismatic beam elements are essential for accurate
and reliable analysis of girder bridge systems since the
supporting girders are generally nonprismatic members. This
é&f usage of nonprismatic members presents difficulties in
employing the traditional finite element method (FEM)
analysis approach. As stated, the FEM procedure assumes a
continuous shape (displacement) function in formulating the
element stiffness matrix. In the case of segmentally
nonprismatic beams, however, any approximating shape
function which represents the entire girder 1length is
required to be discontinuous. The reasoning for this
discontinuity requirement for the shape function can be

explained by examining the moment-curvature relationship,

&

(:; N

"1’ -
Sl
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in which
y = displacement of the neutral axis
X = location at any point on member x
M, = moment at location x
I, = moment of inertia at location x

modulus of elasticity at location x,

Analogous to the shape function, which represents the
element displacement between nodal degrees of freedom, in
this equation, y represents the displacements due to bending
of the beam member's neutral axis as a function of the
member's length, x. The problem is that on either side of a
material change, as shown in Figure 4.1, the internal
resisting moment Mx is the same but the member's neutral
axis location and moment of inertia are different.
Therefore, any analysis formulation must account for this
discontinuity. Application of FEM assumes a continuous
shape function or interpolating polynomial, however, so the

method can only lead to exact answers under conditions of y

loleft | I right

neutral axis. [l__

FIGURE 4.1 -- Partial Nonprismatic Girder

neutral axis

Al
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being continuous, i.e. for prismatic girders. The problem
is that wvirtually all girder bridges have segmental,
nonprismatic suppofting girders.

This discontinuity problem can be overcome by

application of the traditional FEM method provided that the

‘girder is modelled by a series of prismatic beam elements.

Each prismatic segment can wutilize a continuous shape
function because, for each segment, the neutral axis
location remains constant. In other words, £for each
individual segment of the series beam elements modeling the
girder, the flexural rigidity (EI) remains constant,
although EI can vary for each segment. This type of
formulation for nonprismatic girders requires .a large number
of prismaﬁic beam elements to be employed to obtain accurate
analytical results. This segmental formulation requires a
large amount of the available computer RAM (random access
memory) and requires considerably longer execution time to
solve the resulting increased number of simultaneous
equations, When application is intended for a computer
system with limitations on available memory and execution
speed, this segmental formulation process is obviously
unacceptable. Thus, attention must be focused on
applications of accurate elements using only a reduced
degree of freedom system and avoiding, to some extent, the
1imitations imposed by the displacement function approach.

This problem of nonprismatic element stiffness development
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is overcome by integration of classical beam theory
employing numeric integration and traditional displacement-
based finite element analysis.

The nonprismatic element stiffness matrix developed for
CASE-GBRIDGE is formulated in. two parts; flexural
contribution and axial contribution. The related global
degrees of freedom are illustrated in Figure 4.2. The
flexural contributions te the girder stiffness matrix assume
that the girder is bent in a principal plane and the effects
of shear deformations can be neglected. FEmploying these
assumptions plus the fact that the angle change between two
adjécent cross sections is small after bending has cccurred,
an efficient procedure for formulating the element stiffness
matrix can be utilized. The nonprismatic element
formulation process employes the classical aralysis approach
of superposition in which the indeterminate structure is
reduced to a statically stable and determinate structure via
removal of redundant end moments M, and M_,. These redundant

L R
end moments then are re-applied and the resulting member end

L
2

A

-g\s
i::7.4
a' :

FIGURE 4.2 - Nonprismatic Element Degree of Freedom
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rotations are related to the fact that the actual rotations
at fixed ends are zero. Manipulating the solution of the
resulting simultaneous equation will yield the nonbrismatic
element stiffness matrix and equivalent nodal forces. The
expressions for simple beam member end rotations [77] are
obtained by noting that the tangential deviation divided by
the member length, L, is equal to the member end slope for

small deflections theory, i.e.

I, L-x M_dx
X
GL ==
0 L EIx
L x dex
BR = ]
0 L EIx

where

8 = tan by, = slope at left end

[~
[

g = tan eR slope at right end

=
n

moment of inertia at reference

location x

These terms are illustrated in Figure 4.3a.
The moment at any location X in terms of member end
moments as defined in Figure 4.3b is given by
My, + Mp

My = L)% - ]
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l

(o) End Rotation (M and ¥ removed)

J S

(o) Internal Moment at location x I
terms of End Moments W and Mg

FIGURE 4.3 - Nonprismatic Element-Flexural Formulation

Substituting this moment expression for MX into the member
end slope expressions and multiplying through the resultant
equations by ILL/ILL yields the end slopes in terms of basis
stiffness. The basis stiffness is given by EL. , and is
defined as the product of the modulus of elasticity, E, and

the moment of inertia at the girder's left end, I When

L.
the girder is composite, the concrete slab is equated to an
equivalent steel contribution by employing the mechanics of
materials transform section method. The flexural stiffness

coefficients are evaluated by noting that the element

stiffness is the resulting member end forces when a unit
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%L; distortion is applied (all other possible displacements are
held to zero). Thus restraining the opposite end rotations
and noting that the flexural stiffness is equal to the
member end moment divided by the rotation, the £flexural

stiffness components are given as

[Se(flexural)] = . —
A (B)L -A (A~B)L
EI (B)L  (C)L (-B)L (B~C) 1.2
1% (ac-B%) -4 (-B)L A [-(A=-B) L
(A=B)L (B=C)L® [-(A-B)]L [A-2B+C]L°
where
g L dx L xdx L x"dx
b A=1I1.f B=I f cC=1I 7
L L 2 L 3
0 LI 0 LT, 0 L°I,
and IL = moment of inertia at left end of member
L = length of member
X = variable location along member length

This can be expressed in general terms as:

Sy2 833 S35 Sy
e(flexural) ~ S g S s

52 53 55 56
! S62 563 S¢5 See

where -

EI 1
FACT =
;,g L3 AC - B2
Y‘Ki
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and the subscripted values Sij indicafe the location in the
element 6x6 stiffness matrix where i defines the row and j
defines the column. It must be noted that, in evaluating
the moment of inertia of composite girderé by the
transformed section properties approach, three individual
conditions are examined based upon loading type. Initially,
before the concrete hardens in the composite section, the
dead load must be carried by the supporting steel girder

alone. Loads which are applied after the concrete slab is

in place and hardened are resisted by the composite section.

- The long term effects of the dead load are based upon the

composite section using a modular ratio of three times the
initial value to account for concrete creep and shrinkage
effects. The live loading condition (short term duration)
is based upon consideration of the composite section using a
modular ratio of n to account for full composite compressive
action of the concrete in evaluating I.

The nonprismatic stiffness coefficients due to flexure
have been derived as closed-form integrals in terms of
natural or global coordinates. The formal integration of
these coefficients is very tedious and susceptible to error
and, since each new girder would require individual
evaluation, formal integration is neither practical nor
efficient for computer implementation. 1Instead, these
integrations must be obtained numerically. 211 of the

numeric integration methods, or quadrature formulas as
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generally termed, deal with approximating the integral by a
weighted sum of the values of the integrand of points on the
interval of integration; that is, the quadrature formulas

amount to an approximation of the form;

b n
I= [ f£(x)dx = I W.£(x.)
a i=1 b1
where a <% <Xy <uue <X & b

The numbers Wi are termed the "weighting coefficients" and
the points x; at which the function is to be evaluated are
generally termed "sampling points."” The quadrature formula
then can be viewed as the proper selection of particular

weighting coefficients and sampling points to numerically

approximate the given integral. The technique employed in
selecting the weighting ccefficient and sampling points is
what distinguishes the various numeric integration methods.
One particular method, Gaussian quadrature, allows the
sampling points, termed gauss points, to be chosen such that
the best possible accuracy is obtained for a specific
polynomial order of the function f(x). The method yields
"exact" answers for a polynomial function of the order "p"
provided the number of gauss points "n" is greater than

p+l

2
The gauss points represent the location of the abscissas at

which the polynomial is to be evaluated in 1local

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

coordinates. The local coordinate system employed by
Gaussian gquadrature requires the limits of integration to
occur between -1 < x < 1. Thus, the integrals must be
normalized and a coordinate transformation employed. The
Gaussian quadrature formula is

1 n
f(x)dx = [ £(§)dg = I
-1 : i=

]
I
o U

1W(§i)f(gij Equation 4,1

The application of Gaussian quadrature to evaluate the
nonprismatic element stiffness matrix flexural coefficients
is readily accomplished via direct application of Equation
4.1. Referring to Figure 4.4, the location of any point x

-in the global system can be expressed in terms of local

coordinates by

X = E(linear variation) + £(axis location)

b--a- a-+‘b.
= g (mfein) 4 ()
2 2
- g(bi'f_i)+(ai+bi)
2
b, - a,
and dx = (—= 2 )atg.
2

Employing these transformation relationships, the element
coefficients can be readily evaluated by Gaussian quadrature
in the local coordinate system. The accuracy of employing

this technique is demonstrated by application to two
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segment |
1

(b) Local Coordinate System

FIGURE 4.4 - Ccordinate Transformation

illustrative problems given in Figures 4.5 and 4.6. The
final member end moments are evaluated in these problems by
a theoretically exact approach (virtual work), Gaussian
quadrature, and the traditional FEM segmental beam element
method. The results are given in Tables 4.1 and 4.2. In
the first problem, all results are identical; however, the
segmental beam apprcach (using three beam segments) required
twice the amount of computer memory storage and execution
speed in comparison ‘to the CASE-GBRIDGE method. 1In the
variable depth problem, not only did the segmental approach
require eight times more memory (15 segments) and execution
speed, it was considerably less accurate. In employing

Gaussian quadrature tc evaluate the nonprismatic flexural
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FIGURE 4.5 - Segmental Nonprismatic Beam Example
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FIGURE 4.6 - Tapered Nonprismatic Beam Example

TABLE 4.1 - Solution Comparison for Segmental Beam

MEMBER END MOMENTS (ft-K)
Member Theoretically | CASE-Quadrature | Traditional
End Exact Solution FEM
Left End 5.47 5.47 5.47
Right End 5.47 5.47 5.47

TABLE 4.2 - Solution Comparison for Tapered beam

MEMBER END MOMENTS (ft-k) "]
Member Theoretically | CASE~Quadrature | Traditional
End Exact Solution _ FEM
Left End 11.37 11.39 11.74
Right End 10.28 10.34 10,71
e
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element coefficients for variable depth girders, fhe moment
of inertia, Ix' initially is evaluated at the gauss point
and treated as a constant; then, the remaining numeric
integration is performed. The gauss point locations and
weighting coefficients are presented in Appendix A, along
with the numeric calculations for the illustrated problems
and equivalent nodal load information,

The complete nonprismatic element stiffness matrix is
obtained by combining the flexural and axial contributions,
The axial contribution is based upon standard displacement-
based FEM by employing the assumption of centroid segment
alignment. The concrete roadway system is neglected in
considering axial effect, i.e., only the supporting steel
girders are considered to carry axial loads. The variation

in the girder cross-sectional area, Ax' can be expressed as

B, = AL[l + tw(hr - hL)x] | Equation 4.2
and, again,
E(b - a) + (a + b) b-a
X = and dx = {( )dE.
2 2

The element stiffness axial coefficient formulation can be

expressed as

(s

= T
e axia]_] —‘{ [B] [E] [B]dV
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E 1 =11 L
= — S av
L -1 1|l v
E 1 -1jL
= m— f A_dx
2 X
L L_:1 ‘ {_ 0

Performing the same transformation for the variation of area
in the integral in Equation 4.2 as employed in the flexural
coefficient, evaluating and summing the individual
contribution results in an effective axial volume of A L.
Ar is the resulting equivalent area and L is the overall
member length., Thus, the axial coefficients for the

nonprismatic element stiffness matrix are expressed as

g [1 ] ey
e(axial)’ = - -
L 1 1 841 S44

Assembling both the flexural and axial coefficients into the

complete 6x6 nonprismatic element stiffness matrix yields

For the condition involving prismatic members, in which

both the cross sectional area and moment of inertia remain
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constant throughout the span length, the coefficients A, B,
and C become 1, 1/2, and 1/3, respectively. Also, AL
becomes A of the section. Under this condition, the

nonprismatic element stiffness matrix becomes

EA EA
— 0 0 - — 0 0
L L
12ET 6EI 12EI 6EI
0 — — 0 - — —_—
L3 L2 L3 12
6EI 4EI 6EI 2EI
0 —— — 0 - —
L L L L
[s.1 =
e EA EA
- - 0 0 — 0 0
L L
12EI 6EI 12EI 6EI
0 = ==g= = =x= 0 — = ese
L3 L2 L3 L2
6EI 2EI 6EI 4EI
0 - — 0 - —_—
12 L 1.2 L

Thus, application of the CASE-GBRIDGE nonprismatic element
stiffness matrix to prismatic members results in precisely

the theoretically exact formulation.

4.3 GBRIDGE Analysis Methodology

The basis of the finite element direct stiffness method
of analysis employed for GBRIDGE is the relationships at the

joints between applied actions and resulting displacements,



85

where joint equilibrium and compatibility must be satisfied.
The purpose is indirectly to determine the deflected shape
of the structure considering the discretized joints,
Action-displacement relationships take the matrix form
[A]=[S]*[D], where [A] is the action matrix of applied
loads, [S] is the global stiffness matrix based upon the
bridge girder section properties, and [D] is the unknown
displacement matrix. The global stiffness matrix is a
matrix of coefficients that can be considered,té represent
the actions taking place at a node due to a unit
displacement of a member end. Thus, with the actual actions
(A] known, the actual displacements [D] due to [A] can be
found through matrix manipulation. With the joint
%gé' displacements known, the internal forces, stresses, and
displacements at analysis points can be evaluated by
application of superposition through usage of influence
lines as described later.

Individual nonprismatic element stiffness matrices
contribute to the formulation of the global stiffness
matrix, which is used to yield the structural behavior
results. GBRIDGE finite element stiffness analysis is based
upon planar structure behavior. Planar structures are

. framed structures whose loading and members all lie in the
same plane. Framed structures are systems consisting of
members which are long in comparison to their cress section;

girder bridges are typical of this. The action-displacement
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relationship generates linear simultaneous equations, the
number of which depend upon the number of spans and joint
fixity. The solution method wutilized in solving these
equations is a banded Cholesky method, employing in-place
decomposition. This standard solution procedure requires no
elaboration. However, consideration of joint fixity and
influence line development will be briefly examined.

In the analytical process, the actual restraints of the
structure's joints (support reactions) must be considered;
otherwise, the generation of simultaneous equations will be
singular. The joint fixity has been accounted for in
GBRIDGE by employing a nodal renumbering technique in

developing the global. stiffness matrix from the

contributions of the nonprismatic element stiffness
matrices. This technique yields a major advantage over
currently employed bridge analysis methods in that it can
account for any generalized bridge geometry and constraint
condition. In contrast, the generally employed analysis
techniques, the flexibility methcd [56], and Newmark's
procedure [53] are generally limited to simply supported
bridges having only vertical unknown reaction forces.

The nodal renumbering procedure employed by GBRIDGE is
based upon rearrangement of the global stiffnesé and action
matrices. Both the stiffness matrix [S] and the joint load
vector [A] are rearranged and partitioned so that terms

pertaining to unrestrained degrees of freedom are separated
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from the restrained terms. This rearrangement has been
accomplished by utilizing a displacement index. Revised
displacement indices are computed automatically by examining
the actual fixity condition for each possible unknown joint
displacement. The procedure is as follows: if the global
degree of freedom is not restrained, then the displacement
index must be reduced by the cumulative number of restraints
encountered up to that point. However, if the displacement

under consideration is actually restrained, then the

displacement index must be updated by the current cumulative

restraint number. The appropriate equations are

unconstrained: J =J ~ C.

new old jo
constrained: Jnew =n + Cjo
where
Jnew = new global degree of freedom (dof) number

Joa = old global degree of freedom number

Cjo = the accumulative number of joint restraints up

to the global dof in question
and n = the total number of unrestrained global degrees

of freedom and can be expressed as n = ndjnj - n,
with ndj = the possible global displacement per joint
nj = the total number of joints

Ny

the total number of joint restraints
The procedure is illustrated in Figure 4.7.
Once the global stiffness matrix has been obtained from

the renumbered degree of freedom bridge superstructure,
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FIGURE 4.7 - Nodal Renumbering Scheme

analysis is performed for both the dead load and
%Ef superimposed dead load conditions. The loads to be
investigated per AASHTO requirements are dead load (DL),
superimposed dead load (SDL), live load (LL) and impact (I).
For the condition of dead load, only the member end forces
are computed, using only the stiffness of the noncompcsite
girder system. These end forces are stored as negative
values and superposition is applied by addition of positive
simple span beam moments to produce the actual internal
force values at any requested analysis point. This
superimposed effect for uniform loads is illustrated in
Figure 4.8. Also, a dead load increasing factor is allowed
to account for the weight of the welding, secondary weights,

etc. The superimposed dead load effects are obtained in a
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FIGURE 4.8 -~ Analysis Point Forces for Uniform Loads

similar manner, except that dead load inflection points are
utilized in evaluation of each member stiffness matrix. The
long term effect of concrete creep and, shrinkage is
accounted for by increasing the modular ratio by three for
‘composite girder action.

The live load analysis is obtained from utilization of
influence lines generated for each girder analysis point.
An influence line shows the value of any action (shear,
moment, deflection) due to a unit point load moving across
the structure. That is, plotting the values of any given
action for a specific analysis point as ordinates at all

analysis points of application of a unit transverse load
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creates an influence 1line for that given action. The
influence 1line to any action actually represents the
deflected profile of the structure, -to a given scale,
produced by an impressed unit distortion in the nature of
the action.

To determine the 1live load influence 1lines, it is
necessary only to obtain the end moments over the supports
and apply distributionb equations. The determination of
member end moments is accomplished by indirectly considering
the effects of the fixed end moments for any specific unit
loading. Final member end moment equations are developed
from an arbitrary application of 1000 ft-k joint moment to
each unrestrained rotational degree of freedom, The
%Ef resulting end moments divided by 1000 are the coefficients
that, when multiplied by the fixed end moments, result in
the true member end force. The fixed end moments are
computed numerically for a unit load placed successively at
each analysis point, Utilization of this analysis technique
significantly reduces computation time required in
evaluation of final member end moments for the multitudes of
loadings required since relatively few analyses are
performed based upon applied joint moments only. Thus, the
true member end forces are obtained for any loading without
actually analyzing that loading condition.

Internal forces for the 1live load condition are

evaluated in a fashion similar to evaluating dead load and
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superimposed dead load internal forces at each analysis
point from superposition of member end moments and simple
beam effect. Wheﬁ the member end moments (moments over the
supports) have been determined, the influence lines for all
analysis points along the span can be rapidly computed.
These influence lines are obtained by combining the
proportional value of the negative moment diagram with the
simple beam moment diagram. The‘moment and shear ordinates
of influence lines for a specific analysis point are
computed from:
Moment Influence Lines:

y < kL

y
Map = My + [My,y - (M)l Y *+ y(1-k)

y > kL

y
Hyp = ~thy + Uiy = (M1 — + k(1-y)

Shear Influence Lines:

y < kL
1 y
Vyp = — [My + M1 = (—)
ap = My My+1 n
y > kL
1 L~y
Vpp = — [+ M ] = (——)
ap = T My M+t n

The definition and meaning of these terms are illustrated in
Figure 4.9. The influence lines for moments and shears at

analysis points in spans other than the span on which the
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k = location of load = x
y = location of analysis palnt
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FIGURE 4.9 - Moment Influence Line Generator

unit load is located are directly proportional to the end
moments, MN and MN+1’ for that span. Therefore, the last
term in the moment and shear influence line equation is
omitted when the analysis point under investigation and the
loading location are not in the same span. The influence
lines are useful for two purposes:

* for determination of the position of live load that
will cause the maximum value of the particular
function for which the influence line is constructed;

* to compute the value of that particular function with
the loading placed for maximum effect.

Typical influence lines for specific analysis points of a

three-span continuous bridge are illustrated in Figure 4.10.

4,4 AASHTO Loading Application

The loading used in the CASE methodology, as applied to
girder bridges, is based upon the AASHTO 1983 edition of

"Standard Specifications for Highway Bridges"([21]. The
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X - indicates maximum ordinate location

FIGURE 4.10 - Momént and Shear Influence Lines

(a) Moment Influence Lines
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loading considered to be applied to the superstructure
consists of dead locad, superimposed dead load, live load,
and impact (or dynamic effect of live load). These loading
components are applicable to the superstructure concrete
roadway deck and supporting steel girder system.

The dead load consists of the weight of the bridge
structure plus the weight of all permanently attached ifems,
such as piping, cables, public utilities, etc. In composite
girder systems, the loading before the concrete roadway deck
has hardened is considered resisted by the girder section
only. The superimposed dead load condition is permanent
loading that is added to the bridge system after the
composite action between the steel girder and concrete
roadway has occurred. Weights from guardrailing and future
wearing surface are examples of superimposed dead load. The
long term effect of creep and shrinkage is accounted for by
variation of the concrete modular ratio.

Two systems are specified by AASHTO for the live .load
condition, H and HS loading. H loading represents truck
loads for county roads and state highways. The loading
currently used for the federal interstate highway system is
HS20-44, which represents a 20-ton truck with a 16-ton
semitrailer. A variable axle spacing is included. Truck
loadings are concentrated loads. However, uniform loads are
also conside;ed in the form of lane loadings., The H and HS

truck loadings are physical representations of a fictitious
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semi~-truck loading, whereas the H and HS lane loadings are
equivalent lcadings representing the effect of a procession
of vehicles. The uniform portion of lane loadings may be
continuous or discontinuous, as necessary to produce maximum
internal forces (moments and shears). Thesé loadings are
indicated in Figure 4.11.

The AASHTO bridge specifications are developed so that
the analytical investigation and synthesis of the roadway
slab and girders are conducted independently. The bridge
roadway deck is designed by considering the slab as a one-
foot width continuous beam running over supporting girders.
Both the posifive and negative moments for dead load and
superimposed dead load conditions are given by Equation 4,3,
% rep'resenting a simple span moment. Analogously, AASHTO
specifications give the live load bending moment for a

simple span of one-foot width by Equation 4.4.

ws 2
+ .
MDL OR MSDL = - -—g—— * CF Equation 4.3
+ (s+2)p
M. == * CF Equation 4.4
LL
32
where
S = effective span length (girder spacing in feet)
W = uniformly distributed load (dead load or
superimposed dead load)
P = live load wheel load value: 12k for H15 and
HS15 loading; 16k for H20 and HS20 loading
CF = continuity factor = 0.8
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FIGURE 4.11 - AASHTO Truck and Lane Loading
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In the slab continuous over three or more supports, the
moment, as determined by Equations 4.3 and 4.4, is
multiplied by 0.8 for both positive and negative values to
account for continuity. Impact dis included in the
evaluation of the total design moment by the application of

Equation 4.5,
MI =0,3 * MLL Equation 4,5

Also, AASHTO requires oVerhang considerations to be included
where the slab cantilevers over the outer girder. This
negative moment condition, illustrated in Figure 4.12, is
accounted for by considering uniform dead load for the slab
M = (wlz)/Z] and a concentrated loading effect £from
guardrail and curbing. The iive load is evaluated from

Equation 4.6.

Px )
MLL = a— Equation 4.6
E
where

P = loading as previously defined

X = distance from center lihe of girder to
concentrated wheel load P

E=0.8x + 4.25 < 7.0

Again, impact is considered from Equation 4.5 in determining
the total design moment.
For the supporting girders, there is a distinction

between interior and exterior girders. In the case of dead
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FIGURE 4.12 - Roadway Overhang

load and superimposed dead 1locad analysis, each interior
girder carries the weight that is proportional-to one-half
the distance between girders on each side. Exterior girders

@EL carry a portion of the weight from the cutside edge of the
roadway slab to the midpoint of the span between the
exterior girder and the first interior girder. The loading
due to curbs, guardrail, and future wearing surface all have
been considered to be placed after the roadway slab concrete
has hardened and is analyzed based upon equal distribution
to all supporting girders. The effect of composite girders
has been accounted for as previously indicated.

AASHTO requirements for live loading on bridge girders
are directly related to the girder spacing and location.
The loads which are applied to each girder depend upon
transverse distribution factors, which are based ‘upon

supporting girder spacing and are different for the interior

-
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and exterior girders. The wheel load distribution equations
for interior and exterior girders are given by Equations 4.7
and 4.8, respectively.

Interior girder

S
DF = e Equation 4.7
5.5
where
DF = distribution factor per wheel loading
'§ = average girder spacing < 14 feet

Exterior girder

S
DF = Equation 4.8
4 + 0,258
where
i | S is as previously defined for 6 < S < 14;
B if § < 6, Equation 4.6 is used.

GBRIDGE loading is based upon axle loads and, thus, the axle
distribution factor 1is one-half of these wheel 1load
distribution values. The 1live 1load applicable to an
exterior girder of a bridge designed for two or more lanes
of traffic will be slightly less than that for an interior
girder. However, AASHTO requires that the exterior girders
be designed based upon the maximum external forces attained
in any stringer. Therefore, all girders are generally
designed as the same section, except where the roadway slab
creates a major cantilever over the exterior girder, thus
requiring the exterior girder loadings to be greater than

that on interior girders. Again, the impact moment is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

considered as a increase of the live load mcment by Equation

‘4.9.
yimpact =1*% My Equation 4.9
where
50
I = ——— < 0.3
L + 125

-3

As previously stated, in the live load analysis segment
of GBRIDGE, an extremely efficient technique for generating
influence lines has been implemented. The influence lines
are diagrams whose ordinates at any analysis point equal the

magnitude of some particular function of that structure,

such as shear or moment, due tc a unit load acting at the
location of each ordinate. The first consideration in
application of influence lines in live locad analysis is
whether the loading system consists of concentrated loads or
uniformly distributed loads. The value of a structure
function due to a series of concentrated loads (i.e., truck
loading) is quickly obtained by multiplying each
concentrated load magnitude by the corresponding ordinate cof
that influence line for the function. When the loads are
located between analysis point positions, GBRIDGE utilizes a
linear interpolation to evaluate the ordinate at the load
location., In the case of lane loading (i.e., distributed

loading), the value of a structure function may be obtained
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by multiplying the area of the influence line diagram by the
magnitude of the uniform load. HoweVver, GBRIDGE utilizes an
approximating technique for uniform 1lane 1loading. An
equivalent concentrated load is generated by multiplying the
load magnitude times the contributory width that is located
midway between adjacent analysis points. Then, this
equivalenf concentrated load is treated identically to the
concentrated truck loading as shoﬁn in Figure 4.13,

The placement of loading for maximum effect is also
dependent upon the type of load system. For the lane
loading condition, the loading may consist of partial and
alternate span loading, whichever creates the greatest

effect. GBRIDGE utilizes the sign of the ordinates for

investigation of alternate and partial span loading, Also

included, as specified by AASHTO, is the effect of one

IL, lane load (mognitude)

—/

—— analysis
2 L2 point

T

lane load * (l/2+/2)

y U
1]

w = equivalent concentrated
load

FIGURE 4.13 - Equivalent Loads from Uniform Loading
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concentrated load in the investigation of positive moment
but, for negative moment locations, a concentrated locad is
placed in each of the two adjacent spans. No such provision
is included by AASHTO for shear and, thus, only a single
concentrated load placed at the proper maximum ordinate is
used.

The internal forces at each analysis point due to
concentrated loads in the truck loadiné condition are
somewhat more complex to evaluate than the lane loading
condition, First, consideration must be given to whether
the loading is H or HS loading. HS loading has a variable
rear axle spacing; this spacing is a required input value
and is not varied programmatically in CASE-GBRIDGE,
ng Secondly, the direction of truck travel alsc must be
considered since the axle loadings are variable. GBRIDGE
allows for travel from left to right, right to left, or both
directions. It should be noted that a symmetric structure
will have only symmetric analysis point internal forces when
truck traffic is examined for both directions due to the
variation in load magnitude. The maximum effect is examined
by placing one of the largest wheel loads at the maximum
ordinate being considered and linearly interpolating the
ordinates at the other wheel loads.

GBRIDGE, besides developing an efficient method cf
generating influence lines, has incorporated a technique for

rapid internal forces evaluation., Again, the maximum effect
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must consider the possibility of alternate span loading and
the total combined loading effect. First, the analysis
point location of the maximum ordinate will always be the
same location for spans other than the one where the
internal forces are being determined. The ordinate values
will change but not the location. The reasoning for this is
that, in an elastic ahalysis, the distribution of loading is
dependent only upon the member properties. The magnitude of
loading only affects the magnitude of the member end moment,
not the location of maximum effect. Consider the twe span

beam system in Figure 4.14, The differentiation of the

modified fixed end moment equation, which controls the end

moment expressions that are derived for generation of
influence lines, yields the location of maximum moment of
k = 0.57735. This location is synonymous with the maximum
ordinate positions, since the influence lines are controlled
by the moment expressions.

When the analysis point lccation and loading effect are
in the same span, the internal force evaluation process is
dependent upon the analysis point position.  If the analysis
point is a significant distance from the supports, only one
loading effect is required to be investigated because all
ordinates are of the same sign. Therefore, the maximum
ordinate is at the analysis point that is under
investigation for the internal forces. However, if the

analysis point is sufficiently close to the supports
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FIGURE 4.14 - Two Span Continuous Beam
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(< 0.2 or > 0.8 ), then beth positive and negative ordinate
values occur and must be checked both for positive and
negative loading effects (refer to Figure 4.7).

In an analogous fashion, the shear effects for each
analysis point are generated from the influence lines. The
procedure for obtaining the maximum shear from all spans
employs the same basic procedure as for moments, except both
the positive and negative shear effects are examined for
absolute maximum shear load. Also, fatigue and shear stud
spacing are both dependent upon sﬁear range (i.e., the
maximum differénce between positive and negative shear
forces) which pas onl& slight variaticn throughout the
bridge system as indicated by Figure 4,15,

A point that needs clarification with regard to the
analysis process is that of the analysis model. Since the
loading conditions of dead load, superimposed dead load and
live load are investigated separately but the actual effect
is the result of simultaneous action, the analytical model
must reflect the true behavior of the bridge system. For
composite girders, the global stiffness matrix varies for
each analysis component. The reason is that the dead load
analysis considers the girder effective only in resisting
the loads, whereas the superimposed dead load and live locad
conditions consider the composite action, Even the
superimposed dead load and 1live load conditions are

different due to the fact that the live load is transient
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FIGURE 4.15 - Shear Range

and the superimposed dead load is long term; also, both use
different material properties., However, both the dead load
and the superimposed dead load possess virtually the same
inflection points, which separate the positive and negative
moment areas. The live load inflection points are not the
same. However, since the analysis is to model the behavior
of the system and not just formulate equilibrium of the

model, GBRIDGE utilizes the dead load inflection points
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throughout the analysis process in the evaluation of member
stiffnesses.

Finally, AASHTO specifies that either the truck loading
or lane loading is to be used depending upon which produces
the maximum effect. The truck loading condition generally
controls up to 134 feet for simple spans and approximately
200 feet for continuous spans, However, only one loading
type is examined per analysis run by GBRIDGE. For
comparison between lane loading and truck ‘loading, the
analysis must be performed twice; each time specifying the
desired loading type to be investigated. For the purpose of
implementing CASE-GBRIDGE in this study, the only loading
considered for the synthesis process described in the next
chapter is HS20 truck loading. The overall accuracy of the

CASE-GBRIDGE analysis procedure is illustrated in Chapter 7.
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V. BRIDGE SYNTHESIS

5.1 General

There are currently two automated (computerized)
synthesis approaches for structural design, both are
intended to produce systems which are, to some degree,
"optimal"., The first approach relies on the theory of
mathematical programming to determine the optimal design.
The structural synthesis process can be described
algorithmically and be solved programmatically. The second

ﬁzf approach is that of artificial intelligence via expert
systems. These systems are suited for problem solving that
is judgmental in nature. The structural synthesis approach
employed by GBRIDGE is that of mathematical programming.

Examination of (a) structural synthesis methods
applicable tc autcmated structural design, (b) explicit
formulation of the objective function, and (c) explicit
formulation of the design constraints will be included in

this chapter.
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5.2 Structural Synthesis via Nonlinear Mathematical

Programming

The problem of structural synthesis by mathematical
programming can be stated as:

Minimize f£(X,D) X

1,2,4044n

Subject to gj(x,D) <0 j=1,2,i00,m

S(X) *{D} = {Al

where f is an objective (cost) function that is to be
minimized, gj are constraint functions, X is a vector of
design variables, D is an NDOF vector of nodal displacements
(where NDOF is the number of degrees of freedom of the
structure) and is an implicit function of the design
variables, S(X) is the stiffness matrix for the structure
and is an implicit function of the design variables, A is a
vector of applied 1loads, n is the number of design
variables, and m is the number of constraints. Such a
formulation of the design problem arises naturally when the
structure is modeled using finite element methods. The
equation A = S(X)D is the formulation of the analysis
action-displacement relationship previously described in
Chapter 4 and is the interlocking problem between the
analysis and synthesis formulation of the structural design
application, The features that are central to this
formulation are:

a) The constraint functions depend on unknown

displacements D which are obtained by solving a
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system of linear action-displacement equations

A = S(X)D. Thus, the structure of these functions

cannot be known beforehand. Specifically,

evaluation of functions and their gradients
requires solution and differentiation of the
results from the linear system of D = S(X)-IA;

b) The functions f and g4 are, in general, implicit
functions of the design variables. Thus, the
objective  function £(X,D) depends on the
displacement vector D which, in turn, depends on
X through the FEM equation S(X)D = A. The
presence of such implicit functions contrasts with
problems generally encountered in mathematical

@ programming where all functions are usually

explicit. In other words, the solution of the
action-displacenment simultaneous analysis
equations yields unknown displacements D, but the
desired design vector is X,

c) The optimal design problem outlined above is
highly nonlinear and, in general, non-convex. The
nonlinearity and nonconvexity in the functions is
primarily aue to the implicit nature of the
functions.

The various components of the structural synthesis

problem now require a more elaborate description. The

structural synthesis procedure seeks the selection of design
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variables, within the limits (constraints) placed on the
structural behavior, geometry, or other factors, to achieve
its goal of optimality defined by the objective function for
specified loading or environmental conditions. The basic
features of design variables (and design parameters),
constraints (behavior and side), and the objective function
combined together form the structural 'design problem in
geometric design space.

The "total" structural framing system can be described
by a set of quantities, some of which are viewed as variable
during the structural synthesis process. Those quantities
defining a structural system that are fixed during the
automated design are called preassigned parameters and they
are not varied by the mathematical programming algorithm.
Those quantities that are not preassigned are called design
variables. The preassigned parameters, together with the
design variables, will completely describe a design. In
general, the design variables are represented by a column
vector, X, which specifies a point in design space. The

design variables of an optimum structural design problem may

‘consist of member sizes, plate sizes, depths, values of

structural configuration, properties of material, or any
quantifiable aspect of design.
The constraints generally <can be defined as

restrictions that must be satisfied in order to produce an
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acceptable design. Constraints can be grouped in a broad
sense as behavior constraints or side constraints.
Furthermore, the constraints may take the form of a
limitation imposed directly on a variable or variable group
(explicit constraint) or may represent a limitation on
quantities which depend on design variables that cannot be
stated directly (implicit constraints). Behavior
constraints, in general, are nonlinear funétions of the
structural design variables and are derived from the
performance or behavior of the structure. These constraints
are imposed by the appropriate design specification and
limit such items as minimum plate thicknesses, maximum
stiffener spacing, allowable stresses based upon design
@Eﬂ variables, and various other requirements. Side constraints
place restrictions on the range of the design variables for
reasons such as manufacturing, shipping, aesthetics, that
is, for reasons other than the performance of the structure.
For use in bridge structures, the behavior constraints will
be based upon the specifications of the American Association
of State Highway and Transportation Officials (2ASHTO),
which include both the Working Stress Design (WSD) method
and the Load Factor Design (LFD) method.

Within the constraint limits, there usually exists an
infinite number of feasible designs (depending upon whether
the design variables are continuous or discrete). In order

to determine the best or optimal design, it is necessary to
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formulate a computable function in terms of the design
variables, i.e., an objective function. The objective
function (also <called the merit, criterion, or cost
function) is the function whose least value is sought in the
structural synthesis process. The selection of the
objective function is one of the more important aspects of
the automated design process but it can be a rather
difficult task. Weight has predominated the studies on
structural optimization., However, a general cost functicn
is more realistic for civil engineering structures where
manufacturing and construction are a major portion of the

total project budget.

%1? 5.2.1 GBRIDGE Structural Synthesis Methodology

Having explicitly defined the problem of structural
synthesis, description, of the methods of solutions
incorporated into GBRIDGE will be briefly described.

Appropriate methods for structural synthesis, to a
great extent, depend upon the type and detail of
the structural member being examined. Most reported methods
applied in structural synthesis [20] have been concerned
with structural assemblages such as trusses and frames and
illustrate methods for finding the minimum weight design
that optimally distributes the loading to the various
structural framing members. These methods are generally

restrictive, in that they consider only a single unknown to
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describe completely all member properties. The member area
or moment of inertia are prime examples of the unknowns
assumed to describe the member completely. This type of
design variable linkage significantly simplifies the
mathematical programming problem in that the structural
analysis and synthesis are solved simﬁltaneously. However,
this linkage techniﬁue usually yields suboptimal designs and
sometimes even infeasible designs. |

On the other hand, the designer in practice spends a
considerable amount of time proportioning structural framing
elements of beams, columns, footings, walls, etc,
Dimensions of elements, such as depth, plate thickness,
plate width, reinforcing steel area, and other .details, must

be found after the forces on the member are known. The

computations are tedious and experience is required to find
designs that meet the various code constraints but are not
excessively overdesigned. The constraints and cost
expressions for CASE-GBRIDGE are set ﬁp so that the engineer
is allowed to modify, verify, of change these.expressions.
In actuality, GBRIDGE employs two separate synthesis
techniques, one for the steel girder system and another for
the concrete roadway deck. The reasoning for the
separation, as described in the preceding chapter, is that
separate analytical techniques are required in examining the
roadway .deck and steel girders., Employing a selection

criteria of reliability and accuracy and considering the
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limitations posed by the computer system, it was deemed that
methods that had previously been successfully implemented in
similar problems should be employed. The most commonly
employed method used in a steel manufacturing environment is
the enumefation method of backtracking, whereas the most
widely published method applied to civil engineering
structures is the interior penalty function method. Thus,
the backtracking method is utilized for the steei girder
synthesis process and the interior penalty function method

is employed to optimize the concrete roadway deck.

5.2.2 Backtrack Method

The structural synthesis process for the steel girders
involves the selection of design variables from a set of
discrete plate sizes. The plate elements comprising the
girder are restricted to specific size limitations due to
economy of both production and manufacturing of steel
plates. As there is only a finite number of candidates, it
may appear advantageous to enumerate or investigate
individually all possible designs. However, the number of
possible design candidates may be very large and, in fact,
complete enumeration is combinatorially explosive. The
utility of the backtracking scheme (i.e., implicit
enumeration) is that, by examining only a very small subset
of the possible combinations, the method implicitly examines

all possible combinations.
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@&; The structural synthesis task, as related to the steel
girder, is to assign plate sizes to each design variable so
that the resulting étructural system satisfies the

- requirements of behavior and cost. Once a set of plate
elements has been assigned, it is a relatively straight-
forward process to evaluate behavior and cost. The
difficulty lies in the selection of the optimum values. The
advantages of using backtracking for structural optimization
of discrete variable systems are:

* it possesses a readily implemented structure,

* it allows for very complex cost function, code
constraints, and design details, and

* it is exhaustive, thus guaranteeing a global optimum.

@Ef Also, only one active variable is assigned at any time in

the search process. Thus, the computer storage requirement

is minimal and, therefore, ideally suited for implementaticn
on computers with RAM restrictionms.

VAs stated by Golomb and Baumert [73], "The basic idea
of the backtrack programming is to build up the sample
vector one component at a time and to use modified criterion
functions to test whether the vector being formed still has
a chance of success. The power of the method is this: 1If
the partial vector (xl,xz,...) is already seen to be

inherently suboptimal, then
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%L: possible test vectors may be ruled out in one fell swoop
without having to examine them individually."

The modified criterion function may be obtained from

the design constraint function and the objective function.

The design constraint function reflects the laws of

structural mechanics and the design code requirements (in

this study, the AASHTO specifications) and can be

represented as fd(x). For the sake of aiscuésion,'ccnsider

a doubly symmetric noncomposite girder, as shown in Figure

5.1, having the design constraint function expressed as

fd(d,tw,bf,tf). In this function, the design variable

vector X (Xi=1,2,3,4) is represented with 4q, t,r be and te,

where d equals the girder depth, tw equals the web

thickness, bf equals the flange width, and te equals the
flange thickness. fd has the value "true" (1) if the
specification requirements are met or "false" (0) if they
are failed, The objective function, fo(d,tw,bf,tf) is the
cost of the girder and the function to be minimized. The

two functions, fd and fo’ can be combined into a single

el
I

FIGURE 5.1 ~ Cross Section-Doubly Symmetric Girder
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modified criterion function fc(d,tw,bf,tf) with the value of
"true" or "false" by giving the function value "true" only

if the girder satisfies the design criterion and, at the

)

of the least expensive satisfactory section found

same time, the cost is less than the minimum cost (COSTmin

previously. Initially COST;, can be taken as the total
cost of the girder by using the largest values of d, t bf,
and te to be considered.

In backtrack programming, a trial vector is built up
one design variable at a time by testing variable values in
a modified criterion functior. This modified criterion
function is' used to determine if a girder cost less than

COST, ;, could possibly be obtained with a particular design

n

variable value. As an example, a modified criterion
function fl(d) is used to test values of the girder depth,
di' Function fl(d) must be selected teo insure that
fl(di) > COSTmin for all discrete values of di not equal to
d and all tos bf, and te. Backtrack programming is
effective because all vectors containing di can be
eliminated if fl(di) > COSTmin’ Once a value of di has been
eliminated, di+1 is tested.

When it has been determined that a value di may lead to
a lower girder cost than any found previously, another
modified criterion function fz(d,tw) is used to test whether
or not there exists a  vector (di'twj) ‘which gives

fz(di,twj) < COST,,,. If all the values of t  are exhausted
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without the indication of a possible lower cost section, it
is necessary to backtrack and to test a new value of di+l in
fl(d). After a value of th has been found which gives

'fz(di'twj) < COST a third modified criterion function

min’ .
fS(d'tw'bf) is used to test a vectorA(di'th'bfk)‘ Again,
if all bfk are exhausted without the indication of a
possible lower cost section, it is necessary to backtrack to
fz and test twj+1. Finally, the last element, tf, is added
to thé vector and values of tf1 are tested in the criterion
function f(di,twj,bfk,tfl).
In general, the procedure of backtracking is a search

for a vector of design variables, X = {xi} (i=1,2,...,n) for

which the objective function, £ C)(X), will be a minimum and

g&* simultaneously satisfy all design constraints, gj(xi) <0
(3=1,2,...,m). In applying backtracking to GBRIDGE, the

number 6f design variables plus the number and type of

constraints vary according to the particular girder design

formulation. The design formulation allows for either

stiffened or unstiffened webs, which controls the number of

design variables, n. The number and type of constraints

depend upon whether the Working Stress or Load Factor Design

philosophy is to be investigated. The design variables for

GBRIDGE, in general terms, are represented in a discrete

series as:

i1 Xygr v o o0 Bygr v o n Kygy (LU Ty
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where
i = the particular ith design variable in the
objective function (1 < i < n, where n is the
total number of design variables),
Ti = the total number of discrete plate sizes available

for design variable i.
Noting that the evaluation of the cost (objective) function
varies with each plate size selection, the steps for
implementation of the backtracking method are illustrated in

a flowchart in Appendix B,

5.2.3 Interior Penalty Function Methed

The interior penalty function method is a trans-
formation method. The term "transformation method" is used
to describe any mathematical programming method that solves
the constrained optimization problem by transforming it iﬁto
one Or more unconstrained optimization problems. Trans-
formation methods include interior and exterior penalty
function methoeds as well as augmented Lagrangian or
multiplier methods.

The transformation approach seeks to transform the
constrained problem to a sequence of unconstrained problems.
This sequence of unconstrained problems may then be solved
by any of a largé number of unconstrained search technigques.

The transformation or penalty type approach reformulates the
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constrained nonlinear programming problem to the following
form: |
Minimize P(X,R) = F(X) + B[R,G(X),H(X)]

where F(X) represents the original objective function and B
represents the penalty term (sometimes called barrier
function) which is a function of thé penalty parameters R,
the inequality constraints G, and the equality constraints
B. The exact way in which the penalty term R is formed
defines the particular transformation method. The basic
idea behind the transformation methods is to penalize any
design which violates one or more of the constraints.
However, it must be noted that this is accomplished by
drastically distorting the contours of the original
%&5 objective function which can make the unconstrained search
very difficult. To circumvent this difficulty, the original
constrained ©problem is replaced by a sequence of
unconstrained problems. At the initial stage, the penalty
term is designed so that the original function contours are
not altered drastically. Then, at each successive
unconstrained iteration, the contours are altered to a
greater extent, thus, making each unconstrained minimization
more difficult. However, each successive unconstrained
search is started from the solution of the preceding stage
and the distance traveled from one stage to the next
decreases as the number of stages increases. Ideally, the

increase in difficulty from stage to stage is offset by the
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smaller distance traveled so that each stage requires
approximately the same computational effort and, thus,
overall convergance to the optimal solution is still
efficient.

The interior penalty function method is most offen
applied for structural synthesis. A major advantage of the
interiof penalty function method is that one may stop the
search at any time and end up with a feasible and,
hopefully, usable design. Moreover, the constraints become
critical only near the end of the solution process. Thus,
instead 'of taking the optimal design, we can choose a
suboptimal, but less critical, design. This is due to the
fact that, using the interior penalty function approach, we
keep the designs away from the constraint surfaces until
final convergence. One drawback is that one must start the
solution always with a feasible design but, for structural
design, it is usually relatively easy to obtain a feasible
point at which to begin. Thus, this shortcoming deces not
pose serious limitations.

Two points should be considered in practical
application of this method to the roadway synthesis in
GBRIDGE. First, in most structural design problems, it is
relatively easy to find a feasible starting point. For
example, we may choose relatively large cross-sectional
dimensions which will satisfy stress and displacement

requirements. In the GBRIDGE roadway segment, the design
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variables are always given a preassigned feasible starting
vector equivalent to a slab depth of 11 inches and a
reinforcing ratio of six-tenths the maximum (pb max)' In
other design situations, however, it might be more difficult
to obtain an initial feasible design., If the starting point
X violates p constraints, those may be arranged as the

o
first p constraints such that

gp > gp—l > cea 2 9 >0
The largest gp is selected as the objective function for the

following problem:

gp(X) > min
gj (xX) - gj (xo) <0 (3=1,2,...,p-1)
95 (X) <0 (J=p+1,p+2,...,m)

This problem is solved by the penalty function method. The
search is terminated as soon as the objective function
becomes negative, i.e., qj(x) < 0. A new test for feasi-
bility is performed and the process is repeated until all
the constraints are satisfied.

Secondly, for decreasing values of R, the minimum of P
should converge to a solution of the constrained problem. A

simple criterion to check for convergence is to compute

(R-_l) - f

fmin i min(R )
(Ri)

i

€ =
F fmin
and stop where &% is smaller than a predetermined value

[14]. 1In the roadway segment of GBRIDGE, convergence is
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%L, deemed satisfied when ep < 0.001 or when a maximum of ten
iterations have occured.

Structural synthesis by the interior penalty function
method is usually vreferred to as SUMT (Sequentially
Unconstrained Minimization Technique) and, since the
interior penalty function method transforms the constrained
problem into a sequence of unconstrained problems, the
unconstfained searches may be performed by any of a number
of methods. The unconstrained search method employed by
GBRIDGE 1is a modified wunivariate method wutilizing a
quadratic interpolation polynomial to evaluate the optimal
step length. In general, the unconstrained mathematical
programming methods (and constrained methods, £for that

@Ef matter) all consist of the same basic philosophy. The
algorithms are iterative in natufe and require an initial
starting vector of design variables, Xj. Then, for each

iteration (j=1,2,...,n) of the solution process, xj shculd

yield a better solution or, in mathematical terms,

where f represents the objective function being minimized.
This reduction process requires sequential minimization of

£(X) along successive search directions, Sj; thus,

X... =X. + 0.5. = X. + AX.
j+l J Js] 3 J
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This is then a line search in the Sj direction, which must
be a descent value. The amount to move in the Sj direction

is the step length value, « a scalar value. S, is

3’ 3

determined such that, for some small ¢ value, the design is
improved (objective function‘reduced). Once the direction
Sj is found, a minimization problem using @ as a single
variable is conducted to determine ¢* = aj, the step length
to minimize the function in the Sj direction. The method of
choosing the search direction Sj and the interpolating
scheme used find the step size “j is what distinguishes the
various mathematical methods [74]. Similar fo the

backtracking presentation, the flowchart for the interior

penalty function method is also given in Appendix B.:

5.3 Explicit Formulation of CASE-GBRIDGE Objective Function

5.3.1 General

The bridge superstruéture consists of the supporting
girders, roadway deck, and secondary framing as shown in
Figure 5.2. The cost function for the entire bridge

superstructure expressed in a generic form as

Fo = AsrLNsCsYs * stcsf * Nspcsp

vrsI"CrsYs * Cpr * Nstcst * Apcp

+ Achc +

where

Asr = cross sectional area of one stringer

=
u

span length
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N_ = number of stringers
C_ = cost of steel per unit weight
Y. = specific weight of the steel

A = area of concrete in cross section of bridge

c
Cc = cost of concrete per unit volume
Vrs = volume of reinforcement per unit length of slab
Crs = cost per unit weight of reinforcing steel
C__ = cost of pavement and railing

Sf number of stiffeners

N
CSf cost of stiffeners
N __ = number of splices
C_.. = cost per splice
Ap = area to be painted
g C_ = cost per painting
| Nst = number of shear studs

Cst = cost per shear stud

roadway deck guardrail
1 14

o \ - = = = A B
diaphrogms supporting
(secondarles) girders

(NON-ISOPARAMETRIC VIEW OF FIGURE LD

FIGURE 5.2 -~ Cross_Section of Bridge Superstructure
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The bridge components all interact to help transfer the
vehicular loading to the supporting substructure. Although
the superstructure's structural performance is dependent
upon the integral behavior of all interacting £framing,
AASHTO specifications consider independently the analysis
for the transverse and longitudinal bridge directions, The
transverse and longitudinaiv analysis processes, for the
roadway deck and supporting steel girders, respeétively,
have been described in the preceding chapter.

Considering that the structural analysis.procedures are
separated, the synthesis process of the total superstructure
is accomplished by decomposition of the bridge system into
two subproblems: (1) the bridge roadway and (2) the
supporting girders. Each subproblem has its own objective

function and constraints. \

5.3.2 Roadway Deck

The concrete roadway deck consists of the in-place
concrete slab, reinforcing steel, guardrailing, and reiated
construction field work as shown in Figure 5.3. Although
top and bottom reinforcement is present, the standard beam
utilized in the design process of the roadway slab system is
considered a one-foot wide, singly-reinforced member without
shear reinforcement., This is because the slabs are very
shallow (8 to 12 inches) and any compressive steel

reinforcement is virtually located at the roadway slab
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guardrailing Symmetric
about center
line of roadway.

£/§7/remforcmg steel

concrete roodway slob

¢

FIGURE 5.3 - Concrete Roadway Section

neutral axis. The synthesis process consists of determining
the effective slab depth and reinforcing steel, where the
%&“ total cost per one foot width of roadwéy slab is expressed

in general terms as:

Total cost = %[Cc(bh) + CsAs] + Cf(bl) + Cgr(b)
where
Cc = cost of in-place concrete
Cs = cost of reinforcing steel
Cf = cost of forming
Cgr = cost of guardrailing
h = overall slab depth

b = one foot width (12")
A = area of reinforcing steel
L = overall width of bridge system

Removing the fixed cost and dividing through by the roadway

A
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width % allows the objective function to be expressed in
terms of cost per lineal foot as:

F, = Cc(bh) + CA
This formulation is allowed since "in all cost optimization
programs only the relative cost values are important and not
their absolute values. The absolute cost values affect the
final value of the objective function but not the optimal

value of the design variables." [13]

5.3.2.1 Roadway Unit Costs

Within the roadway segment of CASE-GBRIDGE, default
values have been included for uﬁit costs., However, while
GBRIDGE is in the interactive mode, the user is given the
option of changing any unit cost and, if desired, storing
these costs so as to become the future default unit costs.
At present, the default unit costs utilized are based upon

the 1985 national average of concrete bridge systems as

~ sited by the Concrete Reinforcing Steel Institute (CRSI)

publication, "A New Look at Short Span Concrete Bridges -
CRSI" [75]. These initial default cost values are:
Variable Costs:
Concrete: $77.50 per yd3
Rebar (based upon protective covering):
uncoated - $0.47 per 1b

epoxy coated - $0.69 per 1lb
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Fixed Costs:

Guardrail cost (cost for single rails):
concrete box railing - $§41.00 per ft
New Jersey railing - $49.00 per ft

Forming cost: $13.45 per ft2

Roadway finish cost: $10.26 per ft2

Only the variable unit costs, as applied to the objective
function, are used in the synthesis process, but all costs
are used in the roadway cost ocutput. The procedure employed
by GBRIDGE in recommending reinforcement selection is
described in the next chapter.

Referring to Figure 5.4, GBRIDGE always assumes a 2.5

inch reinforcement cover in the formulation of the objective
function. In other words, the roadway depth is expressed as

h=2.5+X1

one faot width of roadway

p5—| —

overall roadway depth
X1 = effective depth of concrete

s= Xp = orea of reinforcing steél

h
d
A

FIGURE 5.4 - Concrete Roadway Analysis/Synthesis Model

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

where X is the location of the effective depth. Thus, for
a twelve~inch wide beam segment, the concrete roadway

objective function may be expressed as:

F (X) = C_[12%(2.5 + X;)] + C.X, Equation 5,1
X = (XI’XZ)
or
for uncoated reinforcing steel:
+ 1,598%, + 0.597994

1 2
for epoxy-coated reinforcing steel:

FO(X) = 0.239198X

FO(X) = 0.239198X, + 2.346X, + 0.597994

1 2

1 effective depth of reinforcement (in)

>4
t

area of reinforcing steel (inz)

5.3.3 Steel Girders

For the structural synthesis of steel girders, this
investigation considers only the direct manufacturing costs
that would affect fabrication in a CADD/CAM environment. 1In
these manufacturing costs, overhead, shipping, and basic
erection costs are not considered, except the cost of field
splices are included in the total cost output. Also,
painting costs are considered a constant and are not used in
developing the objective function. The significant cost
effects are the direct labor cost and the material cost.

In general, the total cost of the welded plate girder

is composed of the material cost of the plate elements, the
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cost of stiffeners, the cost of splices, and the cost of
welding the flanges and web. The bearing stiffeners and
shear studs are considered only as design parameters and

are used in the total cost evaluation.

5.3.3.1 Steel Girder Objective Function

The suﬁporting steel girder consists of the flange and
web plates, stiffeners, shear studs, and related splicing
requirements as illustrated in Fiqure 5.5. The supporting
steel girder total cost per fabricated component segment,
obtained by separation of the roadway and girder, can be
expressed in general terms as

Total Cost = Cl(bt*tt)LL + C2(bb*tb)LL +

‘5@{ (C4#C,) (d *t JLL + (Co*N_g) + (Co*N_.)

+ Csps + Cspe Equation 5.2

symmetrical about
center line of T
interior bracing

shear studs

flange plates
| bearmg stiffener
web phhs /

EIHIHIIII T

K :bmg
= fab. comp. #1 fab, comp. #2 fab. comp, #3

StFfeser nb sitffeners

FIGURE 5.5 - Ccmposite, Stiffened Web Girder for Single Span
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where

¢, = material cost per top flange (i.e., 3.2 * cost)

bt = width of top flange

t, = thickness of top flange

LL = segment length

C2 = material cost per bottom flange

bb = width of bottom flange

tb = thickness of bottom flange

C3 = material cost per web ‘

C4 = fabrication cost for assembly of webs and flanges

dw = web depth

t, = web thickness
. C5 = cost per stiffener (material plus fabrication)
‘gﬁ7 st = number of stiffeners

C6 = cost per stud (material plus fabrication)
Nst = number of studs
CSps = cost of splice at start end
Cspe = cost of splice at terminal end
The splice types and locations are preassigned design
parameters to meet shipping and manufacturing restrictions
and, along with shear studs, affect only the overall cost.
The objective function is expressed in terms of cost per

lineal foot by dividing through by the segment length Lﬁ,

i.e.,

7’15.@ °
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FC(X) = Cl*(bt*tt) + Cz*(bb*tb) +
(C3+C4)(dw*tw) + Cs*(lldo)

(X) = (dwltwl dolbtlttlbbltb)

where do represents the stiffener spacing since the number
of stiffeners (NS) equals LL/do, and the other variables are
as previously defined. A major utility is obtained by
formulation of the objective function and related cost in
this fashion, i.e., the stiffener spacing for stiffened web
girders is evaluated simultaneously with all other design
variables. To accomplish this evaluation, it is necessary
to relate cost values to girder depth. The various cost

components are examined next.,

5.3.3.2 Material Cost

The unit cost for steel plates is composed for the base
price plus extras. The total price reflects the size,
quantity, type, and testing method of the steel plates,

i.e.,

Material Cost = Base Price + Size Extra

+ Testing Cost

All- material costs are expressed in terms of cents per
pound. These costs reflect the actual manufacturing cost of
plate girders, and the default values have been obtained by

averaging cost data obtained from specific fabricators and
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steel producers [76,77]. Again, as in the roadway segment,
GBRIDGE allows for changes of default cost values in the

steel girder synthesis.

5.3.3.2a Base price

The base price reflects the basic unit cost of steel
and is a function of the shiéping weight., The default base
price utilized by GBRIDGE, reflecting delivery cosf to the

steel fabricator, is $0.2565 per pound.

5.3.3.2b Size extra
The Size Extra is a function of the steel plate size,
width, and thickness. It reflects the cost of cutting
%ﬁ} . plates to the desired dimensions, either at the fabrication
plant or steel mill., The default size extra prices are

given in Table 5.1.

TABLE 5.1 -- Size Extra Costs (cents/lb.)

WIDTH 3/8 1/2 1to 1-9/16
(inches) | 5/16 | to 7/16 | to 15/16 | 1~-1/2 to 2
12-14 5.35 5.35 2.75 2.55 2,15
16-22 4.25 3.80 2.10 1.90 2.10
24-28 2.65 2,20 1.75 1.20 2.00
30-36 2.05 1.60 1.45 1.55 1.95
38-48 1.95 1,50 1.35 1.35 1.90
50-60 1.35 1,00 0.95 1.05 1.60
62-72 1.00 0.75 0.45 0.75 1.30
74-90 0.90 0.65 0.35 0.65 1.15
92-100 1.25 0.90 0.55 0.80 1.30
102-110 1.55 1.15 0.95 1.00 1.35
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5.3.3.2c Testing extra

Design specifications may require plates to be subject
to impact testing, which is the case for AASHTO specifi-
cations. The impact testing is a function of steel grade
and plate thickness. The default values employed by GBRIDGE

are given in Table 5.2,

TABLE 5.2 -~ Impact Testing Cost (cents/lb.)

STI GRADE THICKNESS

AASRHTO ASTM
Tegt @ | Desig- 5/16 9/16 | 13/16 | 1-1/16 |1-9/16
40" F nation | to 1/2 | to 3/4 tol|to 1-1/2] to 2

M183 A36 0.55 0.55 0.55 0.85 2.25
M222 A588 5.80 5.80 5.80 5.80 5.90
M223-80 | A572 3.05 3.50 3.50 4.35 4.35

5.3.3.3 Stiffener Cost

The stiffeners considered are tranéverse web stiffeners
and bearing stiffeners. The stiffener sizes increase with
increasing girder depth and, thus, cost can be expressed in
terms of depth. Transverse stiffeners are employed where
economical to increase web shear capacity, but béaring

stiffeners are required at all supports.

5.3.3.3a Transverse stiffeners
The unit cost of the transverse stiffener is reflected

by the girder depth and can be expressed by a linear
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relationship. For a single side stiffener, at 48 inch

depth, the cost of the stiffener is nearly $45.00. This
cost includes the cost of material, welding, and labor. At
a depth of 120 inches, the single stiffener cost is
approximately $60.00. Utilizing a linear relationship, the

unit stiffener cost per inch of depth is given by
Cet = {[0.208333(dw)] + 35} $/in.

In the synthesis process, GBRIDGE always considers the
stiffener on one side only. Figure 5.6 illustrates the
linear variation of cost in transverse stiffeners utilized

in GBRIDGE synthesis.

%ng ' 5.3.3.3b Bearing stiffeners
. Bearing stiffeners, similarly to transverse stiffeners,
can be related to girder depth. However, unlike transverse
stiffeners, bearing stiffeners are fabricated flush with

both flanges (and web) and are placed on both sides of the

60,00+

50.00

40,00+

"

ol 20 40 60 80 100 120 ¥

FIGURE 5.6 - Cost Variation in Transverse Stiffeners

%Ei
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web. This is reflected in the higher unit cost. At 48 inch
depth, the cost is approximately $100.00, whereas at 120
inch depth, the cost is nearly §135.00. The linear

variation is then expressed as

Chear = [0.48611(dw) + 76.667] $/in

GBRIDGE uses the bearing stiffener cost only in the total
cost evaluation, Figure 5.7 illustrates the linear

variation in bearing stiffener cost.

5.3.3.4 Splice Cost

Splice costs are the costs related tc interconnecting
all of the plate elements into an integral girder shape.
The splice consists of the longitudinal connection of the
web and flange plates and the transverse butt splice
connection at locations of material changes. Two types of

transverse butt splices are considered, field splice and

$
160.00-

140.00+

120,00

100.00+

T —
| .

20 40 60 80 100 120

0 oy

FIGURE 5.7 - Cost Variation in Bearing Stiffeners
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shop splice, reflecting the location where the connection
occurs. All splices are to be welded. The unit cost

reflects the cost of welding material and labor.

5.3.3.4a Web to flange splices

.The strength of welding required for connecting the
girder's web and flange plates can be evaluated from the
standard shear flow formula of mechanics. However,
virtually all manufacturing environments require the
web-to~flange connection to produce full capacity of the
member and, for automated manufacturing facilities employing
a production beamline, the cost of web/flange splices are
dependent upon web thickness and welding connection type.
The standard automated welding types are the full
penetrétion prepared (grooved) butt weld, full penetration
squared butt weld, deep penetration fillet weld, and normal
fillet weld, as illustrated in Figure 5.8. The most
predominant type is the deep penetration fillet weld and, by
utilizing only this type in GBRIDGE, the welding cost can be
expressed in terms of web thickness only.

The web/flange costs are

tw -<_ 5/8"

Coplice = [0-07(t,) (16) + 8.05] §/f¢,
t, > 11/16"

Coplice = [0+09(t,) (16) + 10.21] §/ft.
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These equations are determined from the cost values of
$8.40/ft for a 5/16 inch web, $8.75/ft for a 5/8 inch web,
$11.20/ft for a 11/16 inch web, and $11.65/ft for a one inch
thickness. The cost values reflec£ the fixed cost of set up
and labor and the variable welding cost. When the web
thickness is 11/16 inch or greater, full capacity welding
requires more than a single pass of the beamline welding
gun, but.the fixed costs are unaltered., These costs are

illustrated in Figure 5.9,

() Full penetration square butt weld

W ]

¢c) Deep penetration fillet weld

(D Nornal fillet weld

FIGURE 5.8 - Weld Types
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FIGURE 5.9 - Cost Variation in Deep Penetration Fillet Weld

5.3.3.4b Transverse splices |

Similarly to the cost of stiffeners, transverse splices

~ can be related to girder depth. All material break change

connections, i.e., both shop and field splices, are
considered as welded only. The splice cost is composed of
the fixed set up cost and the variable welding cost.

For the shop splice, where the girder section changes
But the section is to be shipped to the job site as a single
unit, the splice costs are approximately §165.00 per 48 inch
depth girder and $430.00 for a 120 inch depth girder. Thus,
the shop splice cost used in GBRIDGE is given as

c = 3.75(dw) $/in

shop
This cost variation is illustrated in Figure 5.10. Field
splices are considerably more expensive due to increased
labor cost and preparation time. The field splice cost
employed by GBRIDGE is illustrated in Figure 5.11 and is

expressed as

Ceield = 10.5(dw) $/in
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$
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FIGURE 5.10 - Cost Variation in Shop Splice

$

1000.00-

500100'

ol 20 40 60 80 100 120

FIGURE 5.11 - Cost Variation in Field Splice

5.3.3.5 Shear Studs Cost

When the steel girder and roadway slab are required to
act compositely, shear studs are required to produce the
desired integral behavior by transferring horizontal §hear’

from the roadway slab to the steel girder. The cost per
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individual stud consists of material cost, set up cost and
installation cost. These costs, as used by GBRIDGE, are

shown in Table 5,3.

TABLE 5,3 =~ Shear Stud Cost

height
stud diameter 4" 5" 6"
" 3/4 0.73| 0.76 | 0.75
7/8 0.75} 0.78 | 0.81
1 0.78| 0.81 | 0.84

5.3.3.6 Cost Versus Weight
From examination of the girder objective function given

in Equation 5.2, it is apparent that, for unstiffened

girders, minimum weight and minimum cost are synonymous,
since the minimum cross-sectional area of a homogeneous
sectioﬁ reflects the minimum weight. However, this is not
the case when the girder webs are stiffened. The weight of
the stiffener is misproportionate to its cost because the
stiffeners are extremely labor intensive and, thus,
expensive. However, in general, stiffened girders are more

cost effective, as shown in Chapter 7.

5.4 General Formulation of Constraints

5.4.1 General
Constraints are the limitations placed upon various

aspects of the design so as to apply restrictions to the
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total design space. As previously indicated, there are two
basic constraints types, side constraints and behavior
constraints. Side constraints are governed basically by
availability of component sizes, whereas the behavior
constraints are stress and deflection limitations as
specified by AASHTO. In CASE-GBRIDGE, the AASHTO behavior
constraints are given for the Load Factor Design (LFD)
method as well as the Working Stress Design (WSD) method.

In the traditional WSD method, stress is calcuiated for
service loads and limited to a fraction of the yield or
buckling stress for the member under consideration. In the
LFD method, as applied to highway girders, structural
performance requires the establishment of three different
@En load levels: (1) service load, (2) overload, and (3)
maximum load. These load levels correspond to various
structural performance requirements. Basically, LFD is
based upon the ultimate member capacity and accounts for the
difference in 1load knowledge between the dead load (an
accurate evaluation) and live load (a probable approxi-
mation), whereas WSD considers a single loading factor of
safety. Thus, the important difference between the LFD
and WSD methods is that they apply different safety factors
in checking the strength of the structure. In the WSD
method, a single factor of 1,82 is applied to both the dead
and live loads, whereas in the LFD method, factors of 1.3
and 2.17 are applied to the dead and 1live loads,

%z’ respectively. In LFD, however, checks for serviceability
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/

and overload sometimes control the design because of the
lower design factors. The difference between the two design
philosophies is illustrated in Table 5.4.

In both WSD and LFD, an elastic analysis is performed,
only the resulting effects are .multiplied in the LFD
approach. In both cases, the dynamic effect of the moving
load is included in the design consideration by employing a
factored increase of the live load. The amcunt of increase
is dependent upon the superstructure span lengths., The
constraints used by GBRIDGE are presented separately for the

concrete roadway and steel girders.

TABLE 5.4 == WSD versus LFD

WSD LFD
a) Service Load (D + L) X X
b) Overload (D + 1.67L) X
¢) Maximum Load [1.3(D + 1.67L)] X

5.4.2 Concrete Roadway Constraints

The constraints placed upon the roadway slab by the
AASHTO specifications are examined by considering side and
behavior constraints separately. Only the effects related
to the main reinforcement are examined. The bar selections
and distribution are discussed in the next chapter. The
main reinforcement in the roadway slab is perpendicular to

the traffic (i.e., running across the supporting girders).
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5.4.2.1 Roadway Slab Side Constraints
The minimum slab thickness allowed, so that calcu-
lations are not required for deflections, is given as
S + 10 12"

. = ) (——) > 7"
min 30 1ft

where
S = girder spacing in feet
Thus, the slab depth side constraint is
Bpin =0 <0

The slab also has a maximum depth limit of 14 inches which

is expressed as

B= by 0

Limitations are ©placed wupon the size of the
reinforcement area to allow for field handling., These rebar

size restrictions, in bar size numbers, are
#3 < bar size < #8

In the bar selection process, thg bar size number reflects
the bar diameter in 1/8-inch increments, i.e. a #3 bar is a
3/8~inch diameter bar and a #8 bar is one-inch in diameter.
GBRIDGE evaluates the reinforcing area and employs this bar

size restriction to determine optimal bar sizes and spacing.
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5.4.2.2 Roadway Slab Behavior Constraints

Because the basic approach to member safety is
different for the WSD and LFD methods, each design
philosophy will be examined separately. The service load
design approach is based upon a linear stress/strain
relationship and examines the actual and allowable stresses
of the member., On the other hand, the LFD approach
considers only the member's load carrying capacity, i.e.,
the moment capacity. Both methods, however, are based upon

linear elastic behavior.

5.4.2.2a Working Stress Design
The actual stresses calculated at any roadway slab
@E; location must be within the allcwable stresses defined by
AASHTO. The stresses are computed on a service load level.
The constraints are expressed in terms of tensile and
compression loading as
tension:
£, = F <0
compression:
£, - Fy g0
where capital letters indicate allowable stresses and
lower-case letters reflect the actual stresses. The

(A) allowable and (B) actual stresses are evaluated from the

following formulations.
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{%" a) Allowable Stresses
a) Concrete
The permissible extreme fiber stress in
compression, F,, can be expressed as
F = 0.4fc'
where fc' is the ultimate compressive strength of
the concrete. |
b) Reinforcement
The allowable tensile strength of the
reinforcing steel is dependent upon the reinforcing

steel yield stress, F

Yy
> Grade 40 reinforcement Ft = 20,000 psi
> Grade 60 reinforcement Et = 24,000 psi

P,

B) Actual Stresses

The actual concrete and rebar tensile stresses are
evaluated simultaneously from application of equilibrium and
assumed linear behavior. Referring to Figure 5.12a,

c

0.5fc(12)x

T= ftAs
Applying the transformed section method of mechanics of
materials, the neutral axis, X, can be computed from the

first moment of the tensile and compressive areas as

7
-(nK,) # J(nxg) - Ay

12

where
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X2 = As = area of steel reinforcement
X1 = d = effective depth of reinforcement, Ag
=

modular ratio (i.e., ES/EC)
From the neutral axis location, the moment arm is obtained

as
X
arm = {¥, = ===3}
1

Thus, the tensile and compressive forces for the Working
Stress Design moment Mw are

M M
P=C = —tee = W

arm {Xl-(X/3)}

Thus, the actual stresses are evaluated as:
a) Concrete

; c M
e _ _ W

6X  6X[X - (%/3)]

b) Reinforcement

T M
£ = — W

A, X, [x-(x/3)]

The Working Stress Design moment is comprised of the
dead load (MDL), superimposed dead load (MSDL)' and live
load plus impact (MLL+I) moment contributions and can be
expressed as

Mg = Ypp * Mgpp, * Mppg
The basic formulation of design roadway moment was presented
in Chapter 4, from which the Working Stress Design moment

can be expressed as
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{a) Woridng Stress Design Stress Distrioution
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(b) Load Factor Design Stress Distrioution

FIGURE 5.12 - Actual Stress Distributions

- 2 2 .
M, = [(15%+37.5)s? + 1.20g; §% + 0.39(5+2)P] lb-in

where, as previously defined

S

P

girder spacing (in feet)

wheel load (in pounds)

WSDL = uniformly applied superimposed dead load

(1bs/ft)

It is apparent from examining the roadway slab Working

Stress Design moment equation plus the objective function

and related constraints that the analysis and synthesis for

the roadway slab is deterministic. 1In other words, the

synthesis solution simultaneously

produces the analytical

evaluation. This is true because AASHTO roadway design
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moments are formulated independently of the finite element
based analytical approach. The roadway design moments

depend only upon the member depth and girder spacing.

5.4.2.2b Load Factor Design

Although still based upon elastic analysis, the LFD
approach compares the factored applied moment to the
ultimate usable moment of the roadway slab. CASE-GBRIDGE,:
for géneral convenience, considers an - analogous stress
procedure when utilizing the design check procedure as
described in the next chapter. The basic LFD behavior

constraint is expressed as

Meact = Mype £ 0

The factored applied moment, Mfact' is 1less than the
ultimate moment capacity, Mult'
A) FPactored Moment

The factored design moment is the greater of the
moments prcduced by factored service moments or the cracked
section moment. Thus,

Meaor = 1:3MMpp + Mgp ] + 2.170Mp, ]
2 2
(19.5%,+48.75)8% + 1.56Wgp; S

+ 0,651(S+2)P
where the variables are the same as defined in the Working

Stress segment.
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B) Ultimate Usable Design Moment

The ultimate strength design moment, Mult' provided by
a member is the nominal strength, Mn, calculated in
accordance to strength design philosophy, multiplied by a
strength reduction factor, ¢ . Thus, referring to Figure

5.12b’ Mult = ¢Mn = 0-9(Mn)c

Mn = Asfy[d - (a/2)]

where
A f
0.85fc'b

These variables have all been previously defined, from which
the ultimate strength moment can be expressed as

x22 £,
=0,9(M ) = 0.9%.X,£ = ( )£
t n 1727y 22,667 £, 7

M

ul

To insure a ductile failure mode, the reinforcement ratio

must be within the limit o <0< Ppage Rho (p) 1is

min
defined as the ratio of the area of reinforcing steel to the

effective concrete area (bd), i.e.,

A

d

200
p . = emvem—
min
f
y
£ 87000
Prax = 0-73 = 0.75{0.85 ( ) [ 11 = (matl #)
fy 87000 + fy

Thus, using the previously defined variable relation, the
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reinforcing steel limitations can be expressed as

2400%;
X, - >0
p 2
y
12(matl #)X; - X, > 0

Thus, to insure a ductile failure mode, the reinforcement

ratio must be within the limit p . < p < p .

5.4.3 Steel Girders

The steel girders are the main supporting members of
the bridge superstructure and, as such, considerable
restrictions are placed upon their performance to ensure
safety. Similarly to the roadway slab, the girder

constraints will be examined in terms of side constraints

and behavior constraints being subdivided in accordance with

design philosophy.

5.4.3.1 Girder Side Constraints
The Girder Side Constraints are the same for both the
WSD method and the LFD method. These side constraints are

placed upon the available plate sizes as

1/2" ¢ tt'tb < 2 by 1/16" increments
12" < bt’bb < 24 by 2" increments
5/16" < t, < 1 by 1/16" increments

The web depth is limited on plate sizes to

24" < dw < 70" by 2" increments

The total girder depth is also limited by the AASHTO
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%i; span/depth ratio and the maximum depth applicable for simple

flexure theory. The girder depth,'DG is defined as

DG=dW+tt+tb

The limits on the span/depth ratio are

L L
—;(-)_<DG<—;;
L L
-;;-(DG+Tcon<-—1-5—-
where
L = the girder span length (DL analysis inflection
point locations)
) Tcon = concrete roadway slab thickness
%E: The stiffener spacing, do' is limited to fractions of the

actual girder depth, i.e.,

0.5d, < d & 1.5

5.4.3.2 Girder Behavior Constraints

The backtracking procedure considers only whether the
girder sectiop passes the design criterion for flexure and
shear. Thus, for compatibility to code, the constraints are
expressed in terms as given by the AASHTO specifications.
The variables as applied to GBRIDGE have been given

previously.
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5.4.3.2a Working Stress Design

In the Working Stress Design approach, the actual
stresses are-checked against the allowable stresses for the
flexure and shear conditions.

A) Bending stress:

fb < Fb = 0,55 Fy
B) Shear stress:
fV < FV = 0,33 FY

If fv > 0.6 Fv’ then

fb < {0.754 ~ [(0.34fv)/FV]}Fy

C) Compression flange (either top or bottom):

For noncomposite sections,

b/t < 3250/, < 24

%E” where b is the flange width, t is the flange thickness,

and fb is the calculated maximum compressive stress in
psi. For composite sections,

b/t < 3860/f

dll

where fdll is the top flange compressive stress due to

noncomposite dead load.

1y
3

.t
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D) Web without Transverse Stiffener

t, > d,/150
7 2
F, < (5.625%107)/(d, )

where tw is the web thickness and dw is the web depth.

-

d

i

< 0.33F
Y

4

ALY
=

E) Web with Transverse Stiffener

t, > dWJEgyzs,ooo > D/170

2
F, < Fy/3[c + 0.87(1-c) V1 + (d,/d,) 1
ﬁg where
¢ = 2.2(10%) (11 + (g,/a,)21/F,(a,/t )% <1 '
¢ w' "o yrUw' w
do < 1.5dw
(d, is the spacing of transverse stiffeners)
F) Web with Transverse and Longitudinal Stiffeners
t, > d J€,/46,000 > D/340
G) Fatigue Stress
The actual stress ranges should not exceed the
allowable fatigue stress ranges given in Table 5.5. 1In
other words, it is required that-

fr(actual) < fsr(allowable)
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5.4.3.2b Load Factor Design

According to AASHTO specifications, LFD is an alter-
native method for design of simple and continuous beams and
girder structures. It is a method of proportioning

structural members for multiples of the design loads.

TABLE 5.5 - Allowable Fatigue Stress Range for Redundant Loads

Allowable Range of Stress, Fsr (KSI)
For For For For Over
Category 100,000 500,000 2,000,000} 2,000,000
Cycles Cycles Cycles Cycles
(1) (2) (3) (4) (5)
A 60.0 36.0 24.0 24.0
B 45.0 27.5 18.0 16.0
C 32.0 19.0 13.0 10,128
D 27.0 16.0 10.0 7.0
@ E 21.0 12.5 8.0 5.0
o E! . 16.0 9.4 5.8 2.6
F 15.0 12.0 9.0 8.0

8For Transverse Stiffener Welds on Webs or Flanges

a) Web

dw/tw < 13,300/JFy

where dw is the beam depth and tw is the web thickness.
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B) Projecting Compression Flange Element
For noncomposite sections
b'/t < 1,600//F,
For composite sections

b'/t < 2,200/J1.3Fd11

where b' is the projecting flange element width, t is
the flange thickness, and ﬁéll is the top flange

compressive stress due to noncomposite dead load.

<
X

.t

C) Maximum Shear
V<Vu
where

Va = 0.55Fy(dw)tw

D) Lateral Bracing (noncomposite sections only)

'Lb/ry < 7,000A/Fy when M2 > 0.7Ml

Lb/ry < 12,000/JFy when M, < 0.7M

2 1
where Lb is the distance between two compression flange
bracing points, ry is the radius of gyration with
respect to éhe minor axis, and M1 and M2 are the moment
components at two adjacent bracing points.

Ry
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E) Maximum Strength
1.3[(D + 5)/3(L + I)] < M,
where Mu is the resultant moment of fully plastic
stress distribution acting on a section. It is

determined as follows:

M, o= Fyz (noncomposite sections)

F) Overload Criteria

o< 0.80FY (composite sections)
o< 0.95FY (noncomposite sections)
where ¢ is the maximum bending stress under an overload

of”[(D + 5)/3(L + I)].

5.4.3.2b(i) Braced noncompact sections
Qiﬁ a) Web

For unstiffened sections
dw/tw < 150

For transversely stiffened sections
d,lt, < 36,soo/f§;

B) Projecting compression flange element

For noncomposite sections
b'/t < (2,200/]F ) (fu //m)

For composite sections

b'/t < 2,200/J1.3Fd11

where M, is the maximum strength (Fys) and M is the

actual moment.
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C) Lateral bracing (noncomposite sections only)

Lb < 20,000,000(Af/FYd)
where Af is the cross sectional area of the flange
element.
D) Maximum shear
Vv < Vu

For unstiffened sections

= 3 =
Vy = 3.5Bt,7/d, <V, = 0.58F.d t,

For stiffened sections

) 3
Ty = Ve + 0.87(1-c) 1 + (a_/d ) 7]

where E is the elastic modulus of steel in psi and

do is the distance "between two transverse

stiffeners. Vp and ¢ are determined as follows:

Vp = 0°58Fydwtw

_ 2 :
¢ = {1a,ooo(tw/dw)j[1 + (@, /d)%1/Fy 1 = 0.3 < 1.0

E) Maximum strength
1.3[(DL + 5/3(LL + I)] < Mu
where
Mu = FYS
F) Overload criteria
o< 0.80Fy (composite sections)
o< 0.95FY (noncomposite sections)

where 0 is the maximum bending stress under an

overload of [(DL + 5/3(LL + I)].
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C)

D)
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5.4.3.2b(il) Unbraced sections (noncomposite only)

Web
FPor unstiffened sections
dw/tw < 150
For transversely stiffened sections
a,/t, < 36,500/]5;
Projecting compression flange element
b'/t < (2,200//7:‘;) WmA/m)
Maximum shear B
vV < Vu
Por unstiffened sections
- 3 _

P y
For stiffened sections

- - 2
v, = Vp[c + 0.87(1 c)//l + (do/dw) ]
where E is the elastic modulus of steel in psi and

do is the distance between two transverse
stiffeners. Vp and c¢ are determined as follows:
Vp = 0.58Fydwtw
- 2 -
c= {18,000(tw/dw)[1 + (dw/do) ]/Fy] 0.3 < 1.0
Maximum strength
1.3[(DL + 5/3(LL + I)] < Mu
where
- - 2 2
M, = B SIL = (3F /4m E) (Iy/b") %]
For unsymmetrical beams, b' is replaced by 0.9b'.

If V> 0.6V, M =M [1.375 - (0.625V/V,)].
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Vi. IMPLEMENTATION OF THE CASE METHODOLOGY

TO GIRDER BRIDGES

6.1 General

Economic considerations of both engineering and
fabrication costs dictate a change in traditional methods of
design and fabrication of structural framing systems to a
more cost effective and time efficient alternative, To this
end, ihe CASE methodology has been developed herein.
However, the various aspects for implementation of this
methodology require elaboration, in particular, the
implementation to girder bridges, CASE-GBRIDGE.

Within this chapter, the major components of the
CASE-GBRIDGE system will be explored. This chapter wiil
consider the following: (a) interactive control and data
modification, (b) the significant features of the individual
modules of GBRIDGE, and (c) example problems to illustrate

the methodology.

6.2 Interactive Control and Modification of CASE-~GBRIDGE

The development and implementation of the CASE
methodology utilizes interactive programming techniques and

modular program structure so as to allow the user the
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maximum flexibility possible for his particular bridge
design needs. The interactive aspect is essential to ensure
that the wuser has complete control over the finalized
design., 1In other words, this ensures that the user is aided
by the computer-assisted design capabilities incorporated
into GBRIDGE but not relieved of his professional design
responsibilities. The operations of the CASE-GBRIDGE
program involve the engineer's response via the keyboard to
questions, instructions, or requests for data which appear
on the terminal screen. Program responses to various levels
of input data appear on the screen and the program awaits
the user's prompts to verify, modify, or change input before
continuing. The user is allowed to review any or all data
by either graphical display or tabular alphanumerical screen
display before receiving the finalized output from the
corresponding printer. Capacity for batch operation
processing is also included for certain applications of
GBRIDGE.

The interactive nature, when utilized, allows the user
to direct the program operations based upon i;termediate
results. This computational directional control is
accomplished through the use of various display menus, with
the major programming control generated from the "Master
Menu." This master menu allows access to all of the program
modules that together comprise the CASE-GBRIDGE system.

This menu, illustrated in Figure 6.1, is initially displayed
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For Analysis and Optimized Design of
Steel Girder Bridges

SELECTION OPTIG@N; Rotate Control knob to desired
Option and press SELECTION (k9 key)

==GELECTION 1- RUN BRIDGE INPUT SEGMENT
SELECTION 2~ RUN BRIDGE ROADWAY SEGMENT
SELECTION 3~ RUN BRIDGE GRAPHICS/COST SEGMENT
SELECTION 4~ RUN BRIDGE ANALYSIS SEGMENT
SELECTION §- RUN BRIDGE SYNTHESIS SEGMENT
SELECTION é— RUN BRIDGE DESIGN CHECK SEGMENT

| t i T
) I | |SELECTION

FIGURE 6.1 - CASE-GBRIDGE Master Menu

when the program is loaded and returned to after each
program segment is eXecuted, when operating in the
%E* interactive mode. These program modules are individually
examined in the following sections so as to describe their

contributions to the CASE-GBRIDGE operations.

6.3 Modules of CASE~-GBRIDGE

To effectively examine the features of each individual
program module and how it is incorporated within the
concepts of CASE, features of each module and its
contributions will be examined separately. The modules will
be examined in the following order: |

(1) Bridge Data Input Module

(2) Bridge Analysis Module

(3) Bridge Design Verification Module
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(4) Bridge Roadway Module

(5) Bridge Synthesis Module

(6) Bridge Graphics/Cost Module
The reason for this order in the presentation is that, for
the condition of batch processing, the first three modules
are automatically executed programmatically. However, after
the input segment, when in the interactive mode, the user

may access any desired module.

6.3.1 Bridge Data Input Module

The bridge data input segment of GBRIDGE was developed
to be user friendly} requiring minimal "input to completely
specify the bridge system and loading while simultaneously

Q% giving a multitude of data input checks for the user to
verify, modify, or chanée data at any stage of program
execution. One of the first considerations of the input
module is whether existing data previously stored is to be
reused or if the user instead wishes to supply completely
new input data. The feature allows the user to rapidly
review any bridge system previously stored by simply loading
the data stored_under a given filename. Also, when a new
bridge system is to be examined that is similar to a bridge
system previously stored, the user simply loads the data by
the filename and modifies this data as required to reflect
the new bridge system. Actually, the use of the filename is

required in various program modules and necessitates that
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the database be flexible and structured so that the proper
information is passed correctly through the program
operation. The various layers of the database key off of
the filename of the bridge system under consideration.

Screen displays utilizing default values are employed
in the input process to minimize the user input effort.
Where appropriate, screen displays automatically generate
all the initial design paraﬁeters by a default mode. For
examplé, such items as design method, 1loading type,
interactive mode, support fixify, etc., are automatically
displayed and await the user's response to simply verify or
change as desired. After all of the data has been input,
whether via existing file data, completely new data, or a
@EJ combination thereof, all bridge data is displayed for final
verification before the user is allowed to exit the input
data module.

Queries for input data for the fabricated components is
keyed off of individual fabricated component types. Each
fabricated component represents exactly the physical part
that is to be manufactured, but the structural behavior is
dependent upon the overall girder performance, i.e., the
structural analysis member. The use of the component type
allows for generation of the structural analysis member from
the component input data. As previously stated, the
generation of these analysis members is accomplished by

program recognition that specific fabricated component types
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occur only at initial and terminal ends of the supporting
steel girders. The input process begins with fabricated
component data input for an abutment girder and continues

until termination is prompted by input of another abutment

girder.

6.3.2 Bridge Analysis Module

The bridge analysis segment considers the total loading
effect by application of superposition of the individual
effects from the dead load, superimposed dead load, andllive
load conditions as detailed in Chapter 4. As previously
stated, the live load condition is obtained by generating
influence lines and then applying either the AASHTO truck or
lane loading condition. Again, it must be noted that, as
presently structured, GBRIDGE does not autoﬁatically compare
the maximum effect between the truck and lane loading

conditions.

6.3.3 Bridge Design Verification Module

This program module evaluates the capability of the
girder system to withstand the applied loading as calculated
in the analysis segment. To accomplish this evaluation,
however, a somewhat obscure point needs clarification.
Although the internal moment and shear forces are evaluated
at every analysis point, the determination of design

parameters, actual and allowable stresses, or factored and



170

I i
= @F liijj

— |

X- represents analysis point (3)

- represents section properties point (4>

FIGURE 6.2 - Section Properties Pecints

allowable moments are carried out at section properties
points. At least one section property point occurs at every
analysis point; however, at the analysis points where

changes in material sizes occur, two section properties are

assigned, one on each side of the material break as shown in
Figure 6.2. Therefore, utilizing the section properties
points accounts for the true variation in member properties
throughout the girder.

The design verification'moaule controls and directs all
of the output of CASE-GBRIDGE, except for that provided from
the roadway and graphics/cost modules. Program output for
the steel girders is directed to either the screen display
or corresponding printer as specified by the user through
prompts from the design verification module. Two levels of
output are possible, depending upon the amount of details
desired. Although the AASHTO design code limitations are

the same as may have been employed in the structural
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synthesis process, they are examined independently within
the design verification program segment for each section
property point. The output is generated and displayed one
girder at a time until all girder members have been
examined. The display consists of bridge geometry aspects,
menber forces and member properties, member design
parameters, and a stress summary. This display restriction
is due to the RAM limitationms.

For the stress display section of the output, a
modification has been incorporated into the output for the
Load Factor Design condition. This modification allows for
the ultimate design moment, Mult’ to be expﬁessed as an
allowable stress and compared to the factored moment, also
expressed in terms of stresses. Actually, both the maximum
allowable moment versus the factored moment plus the
allowable stresses versus the actual stresses are displayed.
The reasoning for this modification is that most engineers
are accustomed to performance evaluations based upon
stresses but are uncomfortable dealing in member capacities.
The modification is accomplished by simply considering the
condition under which the maximum strength of the design
moment is determined, i.e., the condition used for
evaluating Mult' The actual stresses are the factored load
conditions divided by the appropriate section properties.

Finally, the design verification module allows for

graphical display of the allowable stresses versus actual
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stresses. This is accomplished by plotting the evaluated
actual and allowable stresses at each section property point
and interpolating graphically. The graphically displayed
stress plots are for stress variations on both the top and
bottom girder flange, Again, because of the memory
restrictions, these plots are 1illustrated for each
individual member separately. Also, the graphics plots are
allowed only in the interactive mode when requested by the

user.

6.3.4 Bridge Roadway Module

This module is only accessible when executing GBRIDGE
in the interactive mode. The roadway module is, to a
certain extent, an independently working program segment
employing both its own particular input data and that
already input in GBRIDGE. This input within the roadway

segment is similar to the bridge input segment in that

. display screens are utilized which employ default values and

allow the user to verify, modify, or change the data. Data
which relates both to the supporting girder and the roadway
slab, such as girder spacing, number of girders, etc., is
passed into the roadway module and cannot be modified while
in this segment., Note, however, that the roadway slab
thickness is not common to the various individual program

modules. This is because of the difference in approaches
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for the analysis and.synthesis of the roadway slab versus
the supporting girders.

The analysis can be applied to any specified input or
synthesis can be used to assist in designing the roadway
slab. As previously indicated, the roadway analysis is
deterministic, i.e., the analysis and synthesis evaluations
can be performed simultaneously. This is due to the
simplified procedure employed by AASHTO for roadway slab
moment evaluations. The design variables employed in the
cost minimization procedure also completely determine the
variables (along with girder spacing) required in the moment
evaluation as described in Chapters 4 and 5. Thus, the need
to separate the analysis and synthesis is not present and
@ only a single evaluation is required. This condition occurs
in all statically determinate systems, or where design
variable linkage is utilized to reduce the magnitude of the
problem, Thus, the unknowns evaluated in  the
anal&sis/synthesis are the unknown design variables and can
be evaluated directly, instead of evaluating unknown
displacements that result from the FEM approach. Note that
the cost values employed have.default values; again, the
user is to verify, modify, or change the data.

In the roadway slab model of a one-foot width beam, the
basic assumption is that the equivalent member could be
treated as a singularly reinforced concrete section. The

design variables are the area of reinforcing steel and
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¢

top reinforcement
temperature steel main reinforcement (Ag)

T [T

|
|Il4spun' Vs U4 gof
¢ ¢ of supporting. girder

FIGURE 6.3 - Reinforcing Steel Distribution

concrete depth as defined in Chapter 5. These variables
only partially describe the roadway system. However, all of
the other parameters can be obtained from these. AASHTO

specifies that the longitudinal reinforcement be a

percentage (200/S < 0.67) of the transverse main steel and,
since only positive bending occurs in the longitudinal
direction, the 1oﬁgitudina1 bending moments result in
tension in the lower reinforcing steel. A percentage of the
steel is plaged at the middle (0.50) and quarter (0.25) as
illustrated in Figure 6.3, From these required areas,
GBRIDGE selects the minimum bar areas based upon spacings
ranging from six inches to twelve inches and bar sizes from
#4 bars through #8 bars. The top temperature steel is set
at #4 bars at 18-inch spacing, the maximum allowed per

AASHTO specifications.
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Similar to the design verification module, the roadway
module has modified the Load Factor Design philosophy to
allow the investigation of member capacity in terms of both
moments and stress. From considering the design factored

load case only, the allowable stresses are:

Allowable tension stress in reinforcing steel = 0.9fy
Allowable concrete compressive strength = 0.7655c'

where
fy = yield strength of rebar
fc'= 28-day concrete compressive strength

Output is directed from the roadway module to either
the display screen or printer as specified by the user.
Besides the design parameters, reinforcement distribution,
stresses and moments, etc., the roadway costs are also
indicated. These costs reflect the in-place cost of a cubic
yard of roadway slab plus the total cost per one-foot width
of bridge roadway. The one-foot width cost is common to

other modules after this program segment has been executed.

6.3.5 Bridge Synthesis Module

Synthesis of the supporting steel girders, unlike the
roadway slab synthesis, requires several iterations between
the bridge analysis module and the backtracking module. The
reasoning,’ in this case, is that the bridge analysis and

synthesis are implicitly interlocked and interdependent as
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previously described in the "structural synthesis" approach.
As each iteration of the analysis cycle occurs for the
current bridge element values, the analytical evaluation
yields unknown displacements which are related to an
internal distribution of loads. The synthesis, based upon
this internal loading; effectively restructures the loading
distribution and;ltherefore, changes the analytical results.

This fluctuation can be corrected only by reanalysis and new

" synthesis.

As previously discussed, certain descriptive bridge
element values remain constant during the synthesis process
and are termed design parameters whereas other values are
allowed to vary and are termed design variables. Together,
the design parameters and variables fully describe all
elements of the structural bridge system. For GBRIDGE, the
locations of the field splices are preset by the fabricated
component lengths and are generally controlled by shipping
constraints. The plate lengths for shop butt splices are
preset so as to reflect manufacturing coﬁstraints. Thus,
the synthesis process is required to select girder depths,
plate sizes, and, when applicable, web stiffener spacing.
The selection process implemented in the CASE-GBRIDGE
operations will be examined next.

The single most ‘critical design variable is the
selection of the girder depth. The girder depth effectively

controls the member properties utilized in the analysis
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operation. The resulting analytical internal forces vary
throughout the bridge span and, thus, the resulting stress
condition varies. The backtracking technique is applicable
to a épecific force/displacement condition and, if it were
applied at each section property point of the girder, each
point would yield a different girder depth and plate size.
In a study conducted by Knight [78], it was determined that
variable depth girders are uneconcmical for spaﬁ lengths
less than 400 feet. In accordance with this result and
since the vast majority of all bridge spans are less than
400 feet, a constant depth web is adopted for this study.
The depth selection process consists of three
analysis/synthesié iterations in which certain predefined
analysis points are examined, These locations are at
analysis points of absolute maximum moment within each
length of fabricated components except at abutment girders
where the point is preset to the terminal analysis point.
In the initial synthesis, the flange widths are held
constant at input values unless the width is less than
[(dw/4) + 2.5} or greater than 24 inches, in which case the
plate widths are temporarily set at the minimum or maximum
plate widths, 6 or 24 inches, respectively. .When plate
stiffener spacing are initially input, they are temporarily
set equal to the start depth of the individual components.
Employing this criteria, the backtracking module is executed

for the analysis point location of maximum absolute moment
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in each fabricated component segment. This application
yields a unique depth and thickness for each point, The new
girder depth is then ascertained as the weighted average as

defined by

(tw)i(dw)i

[ =1

i=1

dw(avg) = n
iil (t,)1

where n is the number of anélysis points and (dw)i and (tw)i
are the appropriate web depth and thickness, respectively,
for section point i. Upon evaluation of the overall bridge

girder depth, the analysis members are reformulated and a

reanalysis performed to account for the fact that the load

distribution has changed. The second synthesis is then
performed analogously to the first. Again, a reanalysis is
performed before the third synthesis, at which time, all the
plate components are allowed to very except, when present,
the web stiffener spacing. Upon completion of this
iteration, the final girder bridge depth is evaluated and
the final iterative reanalysis is performed.

Utilizing a constant girder depth, either determined by
the synthesis process just described or input by the user,
each plate length segment is examined for maximum positive
and negative moment conditions. The backtracking technique
is performed, considering all design variables as active, by

examining the section properties point having the maximum
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absolute positive or negative moment. If, within the length
segment of the fabricated component, the moment condition
changes, then, the section properties points within the
component length possessing the largest absolute value of
moment with negative sign to the previously evaluated
condition is always examined. The resulting variables from
the two synthesis are compared with the largest plate
elements and smallest stiffener spacihg being defined as the
final fabricated component values. It must be noted that,
for most components, the moment actually does not chaﬁge
sign and, thus, only one backtrack evaluation is required
after the girder depth is determined.

After the final selection of the design variables has
been accomplished, GBRIDGE then automatically performs
another analysis and design check. The design verification
module, as previously stated, employs independent constraint
checks and affords the user the opportunity to examine the
synthesis results either graphically or alphanumerically.
The user can then proceed to the final output, manually
modify specific design values via application of the bridge
input module, or re-execute the backtrack module with the
girder depth preselected or algorithmically determined. 1In
any case, the finaiized data is only stored if the input

module is executed and a filename specified.
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6.3.6 Bridge Graphics/Cost Module

To access the bridge graphic/cost module, again,
GBRIDGE must be operating in the interactive mode. As the
name implies, this module has two primary functions,
graphical bridge display and superstructure cost evaluation.
The graphical display basically allows the user visual
verification of the current bridge system via bridge
elevations and/or bridge plans. The display of elevations
or plans are independent of each other with the plan display
also containing cost information. The elevations indicate
span lengths, joint fixity, etc., currently active in the
GBRIDGE program. This segment, if utilized after initial
input, will serve to insure that all fabricated components

g have been properly input.
| The bridge plan display, when requested, will present a
plan view and cross section of the bridge system currently
being considered plus yield the cost information pertaining
to the particular structure. The cost of the steel girders
are re-evaluated based upon current fabricated component
information, including both shop and field splice costs.
However, costs relating to shipping, erection, painting,
diaphragm bracing, etc., are not included, i.e., only basic
manufacturing costs are considered. The roadway cost
information must be passed from the roadway module, else the

cost effect is considered to be zero.
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6.4 Implementation of CASE~-GBRIDGE

To demonstrate how the various modules of GBRIDGE
interact, the methodology is applied to the two-span
continuous bridge systém shown in Figure 6.4. The girders
are considered to be composite in both the positive and
negative moment regions and web stiffeners are utilized.
The bridge spans ére both 100 feet and the WSD philosophy is
employed. The girder depth has been preselected to be 48
inches and user interaction has been utilized to obtain the
finalized output. The bridge is assumed to be part of an
interstate highway and the loading is specified as HS 20-44
truck loading with a fatigue stress cycle of 2,000,000. The
roadway width of 28 feet is required for two design traffic

ﬁg lanes and the overall bridge width of 30 feet is used to
accommodate guardrails. The girder spacing is defined as
9.25 feet for four girders symmetrically arranged about the
bridge centerline. The cost values used for both the
concrete roadway and supporting steel girders are the values

generated in Chapter 5.

FIGURE 6.4 - Two Span, Continuous Bridge System
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The general programmatic operations of the CASE~-GBRIDGE
methodology are illustrated in Appendix C through a generic
pseudo-flowchart 1listing. Additionally, two finalized
outputs of GBRIDGE are presented in Appendix D for the
described two-span bridge system‘considering both the WSD
and LFD methods. These .reports are generated without
utilizing any additional user interaction to modify the
bridge design after the final synthesis/analysis operation
has been executed. For these bridges, the complete oOutput
reports are presented except that the roadway report is only

included in the WSD report.

6.4.1 Application of CASE-GBRIDGE

The initial screen display upon executing GBRIDGE is
the master menu as illustrated in Figure 6.5a. The master
menu serves the purpose of driver module to allow for inter-
action between the various program segments. User control
is via a rotational control knob which allows the user to
direct a screen pointer to any desired option, at which time
pressing the indicated softkey, and upon user verification,
will cause execution of the desired module as illustrated in
Figure 6.5b.

The first step in any bridge system investigation is
the introduction of bridge system data into the computer.
This is accomplished by executing the Bridge Input Segment.

The input module initially prompts the user on whether



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

183

"~ GBRIDGE PROGRAM. . . - GCBRIDGE PROGRAM:
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SELECRICH 6- Ruk ERISGE CESICH CHECK SECAEMT .« . ° .| . SELECTICH 6+ AU ERICEE SESIGN ChLDK SEGRENT -

FIGURE 6.5 -~ GBRIDGE Master Menu

existing bridge data currently residing in secondary storage
is to be reused or if entirely new bridge data will be
input. The bridge data consist of material properties,
bridge geometry, design loading, fabricated component data,
etc. The input format has been structufed to allow the user
maximum flexibility and utility by employing multiple
prompts and default values. There is a distinction,
however, between the basic bridge data and the fabricated
component data. The basic bridge data is input once,
verified, and eventually reviewed, as illustrated in Figure
6.6. This figure outlines the process for entering new

input data. Note that, to change a default value, all that
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FIGURE 6.6 — Bridge Data Input Segment
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is required is simply to move the screen pointer to the
specific item to be changed by use of the control knob,
pressing the softkey to indicate that this value is to be
modified and entering the desired value.

As stated, the basic bridge data is entered only once,
whereas the fabricated component data must be entered for
each physical component of the bridge system. In other
words, the fabricated component data is iteratively input.
In the fabricated component section, the initial prompt is
used to define the girder type. The only purpose of this
selection process is to select the proper data input menu to
simplify and reduce the input data requested from the user.

This selection process is illustrated in Figure 6.7. The

4

A fabricated component data is entered by first selecting the

component type and then inputting the requested data. As

BP1UGE GIFIER TYPES v

HI00ER TYPE SELECTION: To Select any TYFE Fotate Control ¥nab to
M gesired TYPE and press SELECTICH (k3 1EY)

- MEMREEHME (ONSIANT DEPTH WITH STIFFENED WEBS
. ST, CONSTANT BEPTH WITH UNSTIIFENED k€3
- (o PONCAALESL, VARIASLE CEPTH MITN STIFFERED WE2S

g3
e
YPE
TPE
TYPE
3
TYPE
i

FIGURE 6.7 - Bridge Girder Selection
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each new component is input, a number is programmatically
assigned as shown in Figure 6.8. This is the number
utilized in the SPAN matrix. When a fabricated component is
repeated, only the previously assigned component number is
required as input.

To serve as a brief explanation of how the fabricated
component input'process works, consider the input data for
the abutmeﬁt girder. The pointer is set to the currently
requested data and awaits user input. Once the input is
received, this data is displayed and the screen pointer is
moved to the next requested data. This process is repeated

until all required data is entered. The program then allows

the user to verify that all input data is correct or to

modify any particular item. This generalized input process

is continued until a second abutment girder is specified.

. FRIRTERTED (OMPONENT INPUT S -
"0 ConPOSITE GIRDXR, Constant Depth with Stiffened beds ,
T ARTEMENT COPONENT for Fadrtcated Cosponent maders|f§ -

nﬁxmﬁ: COPRENT TYPE: Patate Control Kcd to desieed Tt
. IYPE ang preys SELECTION (A9 KEY) - ;

S TIPE 1. RRTEMNT GIRCEP COMDENE T 0L A L e e
TVE 2- INESRELIATE GIRLED CAPCHENT : : =
TE 3. PIER GIRCER COPOMENT -

FIGURE 6.8 - Assignment of Component Number

(@
s
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Upon completion of this girder input, the entire bridge

steel supporting girder information has been defined. This
generalized process is illustrated in Figure 6.9. The
second way to enter bridge data is to reload existing bridge

data from the secondary storage. This process is

1WPUT FARRICATED CONPONET DATA . . . b . K )
. . . PUATE SITES: matertal plate sizes for seguents | and 2 ¢
COPISITE GIROCR, Constant Geath with Stiffened kehs I . . .
- REJTERENT COPYENT for Fadercated Cangonent rusder =i :
] . o WSO
: RN . T[T TATE TICHOESS OF 1P FLANGE (an)
YO XCIIFY FRERCATES CORPMENT CATA: Rotate Cenlrol Kach to desteed &ata <+ {2) DOER MIDTH OF TOF FLANGE (in
locatien ang press [NPUT VALLE (N9 XEY) = - .- (32 ENTER THICNNESS OF BOTT, FLANG
. ' (4) ENTER WIOTH CF BOTT. FLRMSE (tn}
. . ) i B L L T (5) ENTER 3E8 THICKAESS Cim).yauy
(1) ENTER DERPING LENGTH (inches).. RO 2 ’ H_SO 2
(1) ENTER LENGTH CF SECMENT CHE {f1),, * N TIV THTER THICRMESS OF TCP FLANGE Cin).
*13) ENTER LENDTH GF "SEGRENT NO (re).. : o . {70 DXTER IO OF 10P FLAMGE (in),,
(4) ENTER GIFUER 5F Sin. . (3) ENTER TRICXNESS OF BRIT, FLRMGE (1n),,
W . Sk = (4) ENTER MIOMH OF BOIT, FLARE (indy..yyvas
(5) ENTER KEB THICKKESS Cin)... e

AT SITES: material plate sizes for segaents | and 2

TO ACLIFY PLATE SIZES ORTA: Rotate Control Kack 10 deslred
. data locaticn ang press VALLE (k9 MEV)

TH_SDOT L

H_FDOTL it - per e T znx:}kssmumms (im
—TITINIR THONESS OF TGP RLAXCE (1) ' s s o o miat

(2) EXTER N1OTH OF 0P FLANGE (1n), ]

" (0) BT THUSS OF T, RRKGE G (3) wyr? M%{SS E‘”E“;Ig Lo )

14) ENVEP LT OF SOVT. FLANGE Lan {4) INER WI0TH OF ECTT. FLAAGE (in

(5) EWIER 3€D HIONESS am),.., ) " sm(élr[;m.ﬁﬂ THICKHESS Cim).,
i -n T i 3 . S «e) 1) DR THIOESS CF T0F FLBWGE Cind

El) B4 uvzé;“;‘,gi ;E:&q:f:)m) (23 EATER WIETK OF T0P FLEAGE (1)

() EXGER INICESS OF E31T, FLRSGE (in). (30 EA1ER MIDNESS CF 3317, FLAKG

(4) ERTER KISTH CF BOTT, FLRMGE (1n () EA1ER KI3TH CF BT, FLANSE Com)

(S) EX1ER 128 THIOESS )., () DXIER 1E3 THIDNESS ().

A3 W : .

FIGURE 6.9 - Fabricated Component Input
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segment, Bearing stuffeners are reg o at sl sugperts, location and pregy INPUT VALK (k9 KEY)

gt v . .

(1) WL STIFFTMERS N BOTW 81265 CF WER? (vsvi, ., E— FEE STIFFERESS (N ETH SIZES OF WEB7 (Y/¥)..,
) \ I FFE! NESE OF MR S
(3}

{4)

[}

6 ¢

5 st Lo

(%) SaLAR SILY SPRLING

(5) S48 575 PaLIG Y 9

(18 K009 OF BEESING S i AN CTIFFERGR

G g . ’ AG STIFFEMER te[{ang 3

U0 BCARING STIFEENER w10TH . - : 5 CTIRFIND

Doyl vALLE

Fotate (aatral raco to deatred
TPE ang peeyy LERECTION 09 ofY)

T FRIRICAIED (CHPONENT [ATR A

COPOSITE GIRDER, Constant Gepth with Stsffened Websy
INTEPREDINTE COWPDENT for Fadricaled Coagonent nusters g

ocales degth sed matertsi changes

IWPUT VRUE
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FIGURE 6.9 (con't.)
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illustrated in Figure 6.10, where only a filename is
required.

Whether input data is reloaded from an existing file or
completely new data is input, GBRIDGE requires the user to
review all data at this point before continuing. This
review process is partially illustrated in Figure 6.11.
Once the review is completed, the user has the option of
storing this data under any filename he chooses.

At this point, if the input data has specified batch
operation, the bridge analysis segment is automatically
loaded and executed based upon current steel girder data.
This also includes the input for the roadway depth, which is
never a preset piece of information. After the analysis,
%Ef the design verification process is executed and a complete

girder stress report is automatically generated at the

BRICE INPUT SECREMD -

CGELECHION CPTION:  Ratate Control Kmcd 1 Cestees o
Ogticn and press SELECTICH (43 KEY)

. FIGURE 6.10 - Bridge Data Input from Files
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FIGURE 6.11 (con't.)

printer. However, if the input data have specified
interactive operation, the control is returned to the master

%{ menu and the user then must guide the various CASE-GBRIDGE
operations.,

If the user prompts the master menu to execute the
roadway module, the roadway menu is displayed, as shown in
Figure 6.12, and awaits the user's selection as to which
operation will be performed. The module is constructed to
either analyze a specific roadway system or to perform a
simultaneous analysis/synthesis evaluation. Default values
are displayed for general roadway information and unit
costs, as shown in Figure 6.13a. The user must verify or
change this data. For the analysis condition, the bar sizes
and spacing are required for the given slab depth. In the

synthesis process, these variables are programmatically
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o S
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Girger Ericge Roadusy Gechy

SELECTION CPTION; Fotate Contrel brs to Genres -
. Coteen and press SELECTICN (M9 hey)

FIGURE 6.12 - Roadway Segment Menu

evaluated as described previously. In either case, a cost
evaluation is considered for a one-foot width of slab., Also
given is the weight of the rebar and the in-place'cost of a
cubic yard of concrete. Since the roadway segment operation
can be executed independently, it also has an independent
output format and the roadway report is generated from this
module. The results of utilizing the roadway analysis and
synthesis are partially illustrated in Figure 6.13b.
Executing the Bridge Graphics/Cost Segment of GBRIDGE
will result in the display shown in Figure 6.14. The bridge
elevation can be used to assist in visual verification of
bridge geometry. This segment displays the bridge plan and
cross section plus gives the superstructure cost
information, based upon the current b;idge configuration

subject to the limitations already discussed, including
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FIGURE 6.13 - Roadway Segment Operation
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FIGURE 6.14 - Bridge Graphics/Cost Segment Menu

nember weights: The roadway segment must be executed before

operation of this module; otherwise, the slab cost

contributions are considered to be zero., Similar to the
roadway condition, this module employs its own output
operation. This output reflects the overall superstructure
cost and this segment operation is illustrated in Figure
6.15.

The bridge synthesis module may be executed by the user
from the master menu after performing an analysis. Initial
consideration is given to whether the girder depth is
p‘reselected or is to be evaluated programmatically. The
default costs are displayed and the user must verify,
modify, or change these costs before the synthesis
operations are executed. This is shown in Fiqgure 6.16.

After the final iteration is performed, a program flag is
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FIGURE 6.15 - Bridge Graphics/Cost Segment Output

set so that an automatic reanalysis is executed along with
the design code verification. This is accomplished by
resetting the interactive mode to batch processing and
performing the analysis. In this manner, the user is

required to examine the girder synthesis results.
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FIGURE 6.16 - Bridge Synthesis Segment
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Execution of the Bridge Design Check Segment causes an
examination of the current girder system for compliance with
the AASHTO code, wusing the currently specified design
method. The validation of the design is accomplished either
graphically or in a tabular alphanumeric format. The
graphic displays show the allowable and actual £flexural
stresses for both the top and bottom girder flanges, as

shown in Figure 6.17, The alphanumeric results are directed

51080 8

FLEXURAL STRESSES =~ TOP FLANGE - .° STRESSES — BOTT FLANGE
PN 1] SPAN LENGIH (11.)e 168,88 LI . SPEM LEMGT {Ft.)v 168,63
regresents Actusl Stresses (kan) T .
regretents Rlloushie Stresses (i) v

PIESS EXTER 10 (CATINE -

" FLEXURAL STRESSES ~ TOP FLANGE . O FLEXURAL STRESSES -~ BOTT FLANGE
PR IL SPRYLENGIH (fL)e 158,89 S SR SERe LEMGIM (11,0 168,88
represents Actusl Steesses (k1) R represents Rotual Stresyes (het)
represents Allzudle Stresses (A1) . represents Allcwable Stresses (rst)

PSSO T CNINE : PHESS EATER 10 CONIIE

FIGURE 6.17 - Bridge Design Check Segment Graphic Output
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to either the screen or printer and have two levels of

output. Included are such items as bridge geometry/girder
type, material properties, design loads and programmatically
evaluated impact factors, joint fixity, etc. A sample

output for partial evaluation is shown in Figure 6.18.

CERIDCE SIPESS BEPORT - _
“ - :
fi4 GINXR TYPE2 BOIOOE GEONETRY snap” . . , L. .
v N .
f SR forl (141~ 144 MIERIAL PROPERTIES hadi
g:ﬁ mrim ::n for} (1AL} 1N, | MIEPIAL PROPERTIES |
¢ (6 Tl e YIS OF ELASTICTY (ks
L 0 o amsne. S . YIELD STRENGTH OF STL (x81
$ : ’ ’ L WIIMRIE STL SIRENGTH (hs1)...
: (€. (0P, STRENGIH
. : AL FATID (Es/E
TFFIC ROADEN WIDIA (111, S ) L T Lt

LA OF (OC. FE-ER (1n°D)

PESS DXIER 2EY 10 COMIME - . » =
; R ! PRESS ENTER 2EY 10 CONTIRE -

w40 JESIGH LORSS/ ARSHTO DESION RETNOD 1he - P a1 RICTION SIPVRY e
LRSI Y <.voeeriee HS28-44 TRCK LOAD - L TONT FIRITY: € ReFIFED, GoFREE )
2 j4jie.] EQTH DIRECTIGNS - ) S
%i:z%wm u ILwr xR VDR LR
08 LORD INCPERSE FACICR .. S R ; R W X 8-
SPRIPOSED IERD LORD {K/F) Lot (165 - : R | 8 k8-
FRIIE STPESS CYCLES ‘gés?géeeam > . 3 ) 8 X8
0% SERVICE LCAD DESIGY (u5) L
T HSIonfEedd e | VERTACAL PERCTICH CCNPCHENTS ( Y-DIRELTION VRLUES )
. . - o) TOTRL (Kips)
T : R L B L
S : I B3 6AL b3 8076 3861 1B

AT FACTCRS:  SPRY . RS T MGT. -
. . i Lar o
1 m

1 MLy 1864, 858 1LY 16281 W18

- C3 . RO 6 -BAD 6576 JBEL 180

P83 IR 1ZY 10 (NI

PIESS ENTER 1EY 10 [IATINGE

FIGURE 6.18 - Bridge Design Check Segment

Alphanumeric Output

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

e ML XFELECTIONS HH0 '

He_ DM RIPIX (FAY, (D9, LUS)BHt

10 LU Shie selles 100 . . .
Voaga 18y 62 DML SPRULENIH (1) FCAL. FLO2 FCO3 PN
186,89 to2 3

9.63 1.8 .7 6 L6 K 1 8
T s A 1 /188,88 EIN T
TITRL HOASCR OF FRSSICRCED CONPINEMTS o

PYESS EXTER DEY T0 [INTIME

PILSS INTER DEY 10 CONTInE

Pg, (P, WX 16 THe, BOTT. FLG, -85, 2 »
. e, TPt 17910, 80T, FLG, ~%66. 2 =
N6 LDGTH (in) 19 WED THI(KAESS  -5€G, 2
el LOGH (L1~ 19 tm, OF SIDES FOR STIFF. @
i :&;zgﬁm le;ni :? 3:1:;?5: n;é:u(ss (1n) =
e e n. 21 STIFFENER N1DTR (in) «
5.1 - 19 MW, CF SITES FOP SIIFF ! XPi tin) 32 FIRST SUFF. DRE Gn) w
§5.-2 . (s 7 FFEAER ThIONESS (1n) WxT X £, SPR°G SEC.-) (in) o
i1 8 AL : y TP RS, S8°G SEG.-7 {in) »
IFF, SREE (1) TP IS
£45 SEG,1 (1) TR R RS
L5 ST () 12N, BT
1348 M
14D TP RS, . . SFFLT
156, 1P FLG. . 13 ELR'S ST, WD (i)

4 PRRICATED COPOENT TATA aHI1 -
13, (P, HXAR 16 T, BOTT. FLG, -SEG
17 W10, 80T, FLG,
(4n; 13 WER THICANES
9

LR T WP

PRCEY OXTER EY 13 CONTLNLE

16 T, 21T, FLG. -5¢5. 2
17 1D, EOTT, RLG, -SE5.
s 12 12 123 THICNESS -5¢G.
Wt s 13 19 K9, CF SIDES FOR STIFF
g5l CTH (211 s 31 38 STIFFEMER INICRNESS (in)
T T (s 48 2 STIFFEMER DT (i)
X1 PN (i« 38 22 FIRST STIFF, SPACE (an
T PN {1n)e 48 3 STUFF, SPRG SEG,- (in)
PR, TP ALG. . <SG 24 STIFF, SPA'C SEG.-7 in)
W TPAG, S6 IS SERR S0 (0L
11 D, KT, LG, -$£G.) B S PAG EG.-] (i)
1260 KT, LG, -SEG.1 37 SI SRS SEG,+ i)
13468 TRIOESS - 313, F BERR°G STIFF,
DK P ALGL -SEG . £89°G STLFF, Ten, (10
1560, TP LG, - #G SIIFF, W10, in)

m. 0w, e 16 Tix, BOTT, FLO, -56, 2 =
. COP, TYPE 17 810, BOTY, FLG, 36, 2 »
¥MDE LG (i) 18 W8 THICKKESS  -SE6. 7 = .3
5.1 LO6T  (L1-11) 19 %, OF SITES FOR STIFF, »
SE..2 LEGM  1L2-11) o8 STIFFEMER THIOKMESS (1n)
Simt PR tim) 20 SUFFEMER WIDTH  (ind o
MEXT DEPTH (i) I1 FIRST STIFF, SPACE () »
NEXT DEPTH (in) S STIFF, $PA°G SEG.~1 (in} »
™, TP ALG.  -SEGLY . 29 SIIFF, SPRG SEG.-2 (18)
10MI. TP FLG,  -SED. 15 SnERR STUD COZE .

11 ™, BT, FLG. o A7 26 5TU) SPA'G  SEG.-% (1n) w

12 WIE.L BT, RLG J 27 ST) PG (in) »
138 THiTNESS q B o8 Mon, CF BEAR'G STIFF. =
14T TSP AL, <2 E .19 EERRG STIFEL Tk, (in) «

N 33 8LRRG STIFF, 83D, (in} e 8

RN A - e
DD A ey e

Rt PR

-

PPELS ENTER 0EY 10 [OMTIMUE

FIGURE 6.18 (con't.)

q

sonee,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



201

16 . BT, FLG, oSEG. 2w 1, I MEZCQLONN *
17 610, 071, LG, 566, 7 o e
18 WEB THICRNESS -566.2 o a4 CIDXD ESION PRRETERS 11eg

19 KA. OF SIES FOR STIFF, o |

18 STIFFENER- THICUEES (1n » |, W OSITTD KPR DiTw
21 SHUFFESER I0TH  (1n) » .1 888 8,63

12 FIRST STIFF, SPRCE Cin) « 3
’3< HiB 5F G SEG.e1 Un) w

: ' (ln) .

3

16.68 42.68
1568 43,68

g

BABL S SHS
LEEeREEETE

. ‘G (|n) .

12 WD, RN R -SEG. .37 8150 SRR 6.-2 (18)

13 W8 IO NS . SUFF, =
TSP ARG, . . £ ‘HFF T, (i) w
15 %1, 1P FLG, . N STIFE, 10, " (im) = §

tnmeesoooooo
SSRETTTTETER

D D O O LA i s ket bt e

al

i sa

 PRLSS EMIER #EY 10 (ONTINE

FEESS EXTER MEY 1O CONTIWE

HH_SCTION MOPERTIES, MOXENTS, AXD SMERRS 1hae

44 LI, STEESS Srweey yne

, 14 SECTICN MOOVIT CIn*3) wan ROWENIS 133 MO COQITION © POS.N o [ 4 SOL 4 POS, ¢
M, LRD 0P 50IT. {1hK) S tn © MG NeR ¢ SRy )'g (&:{;
PT ST COMD.  COMC, STEEL  SREEL i

comeas memees smcceon FRTIRUE STRESSES :
48,9 55,6 X X TA.act  Actua] Fatioue Stress Range of Tension F

W8 L7 eers X : Trall = Allosable Fatigue Stress Runge of Immlml?i'vm

N69.7 JOERLL X X 3 7. SRact » Actual Fatioue Stress Range of erihen Stftemer or ket

. 3;;6 X "l » Rllowable Fattgue Stress Ringe of e1then Sti{lener or Reter

N69.7° 19739, - 564.9
975.6
€327 w59
B64.9 93348 -1176.3

PIESS EXTER KEY 10 (INTIME

HACTURL STRESSES (ke1) 444 RULDWARE 414 FATIRL 1

M, (1) NN, . 0P BOIT.  Fdeten Feocone Flenct Segct HH_ YORDE TTRESY SUPY f1ib
. SILFIG SILFLG Fo-cosp Ftered  Fteall S4t)

prruli SOR COOITION : TOTRL ¥ « Vdb)-# V(s41) 4 vaLLAD)

|t

-8,

8. . ‘

-9, Hi SER STRESS Tt STIFFER s STOS &
8. . . R A A ) () (k1) (k) Teestn 0n2) (e loed
ES S . 20 T, BIST feact Foall R lorov e
: . B . . X —
b [X:} }

4, 1
kA

6.

AIRIAZAIAZ

-1
-1
!
-1
-1
-1
17
4

PECSS DOTR KEY 10 (ONTIRE

p 1P XSIOn PPRETERS 1iid

BISTOIY  DEPTMCN) A1)
.58 . . B0
18,8 5 9. o B L%
189 ; .

ooomomoos
ERRBRNNEBR

.68
8.0
53,90
6.08 19,59

PE3S DT KEY 10 COMTIME

FIGURE 6.18 (con't.)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

As stated previously, two complete finalized bridge
output reports for the two-span continuous bridge -described

in Section 6.4 are presented in Appendix D.
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VII. RESULTS, CONCLUSIONS, AND RECOMMENDATIONS

7.1 General

The aevelopment and application of the CASE methodolbgy

to girder bridges has now been clearly demonstrated. Also,

a comprehensive examination of the various aspects required

in the implementation of CASE-GBRIDGE has been presented,

Within this chapter, the results of the applicaticn of

CASE-GBRIDGE will be examined .along with conclusions

%g&* " therefrom. Also, recommendations for future extension of

and enhancements to the CASE methodology are given.

7.2 CASE~-GBRIDGE Application Results

Development and application of CASE-GBRIDGE has
demonstrated that a "rational and systematic" methodologf
can be successfully applied to civil engineering structures, -
in this particular instance, girder bridges. The essential
features required in a structural design methodology as
described in Section 1.5 have all been incorporated in the
development of CASE and have been described in detail within
this dissertation. The formulation of thé CASE system,

based upon the unique concept of fabricated components, has
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illustrated via ex-facto evidence that the methodology is
immediately applicable to a manufacturing environment
capable of fabricating civil engineering type structures.

A comprehensive examination of an analytical bridge
evaluation process utilizing nonprismatic member stiffnesses
has been presented. The reliability and accuracy of the
nonprismatic element has been clearly demonstrated in
Chapter 4. The overall accuracy of the GBRIDGE analysis
procedure 1is illustrated in Figure 7.1, where moment
diagrams for a composite, two-span girder bridge are
presented. These moment diagrams represent a comparison of
theoretically exact analysis procedures versus GBRIDGE

analysis procedures plus a comparison of nonprismatic versus

prismatic member anélysis. Examination of the GBRIDGE
analysis procedure reveals that a high degree of accuracy is
obtained. The overall  utility of CASE~GBRIDGE is
demonstrated through application of the structural design
process to various bridge configurations.

The structural design process, consisting of analysis/
synthesis, has been examined for both stiffened web and
unstiffened web composite girder bridges. The AASHTO
requirements for both the Working Stress Design method and
the Load Factor Design method have been included. To insure
uniformity in the application of the CASE methodology in

investigating the various bridge arrangements, certain
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bridge parameters were preselected and held constant
throughout the examination of each individual bridge.

The preselected values relate to roadway geometry,
material properties, and span lengths. Design roadway
widths for two-lane highway bridges are required by local
and state highway specification to vary between 24 feet and
28 feet and, for this study, the design roadway width was
held at a constant 28 feet for all bridges. The overall
bridge width has been preset to 30, feet to allow for the
guardrails, which have been preselected as concrete-box
types. Since application of the AASHTO roadway formulas
require that the roadway slab be continuous over three or

more spans, consideration is given to investigating bridges

with only four or five girders. The concrete roadway haunch
and longitudinal area of the reinforcing steel have been
preselected as 1-1/2 inches and 5.2 square inches,
respectively. These preselected bridge cross-sectional
geometric parameters are shown in Figure 7.2. Furthermore,
all the material properties and unit costs are considered
constant during the bridge system investigation. The

material properties used are:

yield strength of girder steel

F_= = 50 ksi

v si

E = modulus of elasticity of steel = 29,000 ksi
Fu = ultimate strength of girder steel = 65 days

fc'= 28-day concrete compressive strength = 4 ksi
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=
il

modular ratio (ES/EC) = §

t+h
]

rebar yield strength = 60 ksi

The unit costs employed are CASE/GBRIDGE default values that
have been derived and detailed in Chapter 5.

The bridge loading considered was HS20~44 truck loading
with a 14Vfoot rear axle spacing., The loading was examined
for truck movement in either direction. No increase in the
programmatically evaluated dead load was used, but a 20 psf
future wearing surface load was assumed. The bridges were
all considered as part of the interstate highway system.
For this system, a 2,000,000 stress cycles éondition was
employed in reviewing fatigue stresses. The one-, two-, and
three-span bridges examined consisted of span lengths shown

b = effective concrete roodway width

eff

,m
e

haunch = 15

Ast

| mmmmte— |

As Ctotal) = 52 '@ 3% above top of girder

FIGURE 7.2 - Preassigned Girder Cross-Section Parameters
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in Table 7.1. The construction sites were considered
accessible to truck traffic. Therefore, the maximum
fabricated component length was 1limited to 44 feet to
accommodate highway shipping constraints. This shipping
constraint is a reflection of the length limit imposed in

interstate transport without requiring a special highway

TABLE 7.1 -- Bridge Span Lengths

One-Span Two-Span Three-Span
60 80-80 80-120-80
80 100-100 100-140~100
100 120-120 120-160-120

routing permit. The maximum length for any individual plate
length is controlled by the manufacturers' plate shear
capability. For this study, it was assumed that the maximum
plate length was 24 feet. The general arrangement for the
fabricated components for the 100-foot single-span bridge,
the 100 foot-100 foot two-span bridge, and the 100 foot-140
foot-100 foot three~span bridge are shown in Figure 7.3.
The final hardcopy output for the two-span (100'-100')
bridge system indicated in Figure 7.3 for both the WSD and
LFD approaches are included in Appendix D,

AASHTO specification design requirements for the
concrete roadway slab allows the formulation of the analysis

and synthesis processes into a single integral problem
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FIGURE 7.3 - One, Two, and Three Span Bridge Arrangements

statement. In other words, employing the two design
variables of effective concrete depth (d = xl) and area of
steel reinforcement (AS = xz), the complete analysis and
synthesis can be describe;i and performed simultaneously in
terms of d and As only. All other reinforcement
requirements can be related to these values as previously
detailed in Chapters 5 and 6. The accuracy of the roadway

slab analysis/synthesis can be examined graphically since
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only two design variables are employed. Allowing the

effective roadway depth d to vary between its constraint
limits as previously defined, the reinforcing area variable
(As) can be evaluated directly. The cost then can be
readily calculated and plotted as a function of depth. The
graphical plot of the optimum roadway slab is shown in
Figure 7.4. The cost for variably-spaced girders evaluated
from GBRIDGE is presented in Table 7.2, in which the
graphical solutions obtained by plotting as in Figure 7.4
coincide with the results obtained from GBRIDGE.

The supporting steel girders, unlike the roadway slab
design, cannct combine the analysis and synthesis into a

single operation. The reason for this, as previously

Cost($/ft)
L 4 girders
54 s=8'-8"
4.0+ » 4
\ Ve
»
3-0 T \ L W /
8-0 T
1-0' o
1 1 1 1 4’
: . : 5 H=concrete
4 8 12 16 roadway(ind
hpyin=7" Apay=14’

4 girders @ 88" centers, LFD
reinforcement consldered uncoated

FIGURE 7.4 - Optimal Roadway Slab (1 ft. width)
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TABLE 7.2 ~ Roadway Cost per Girder Spacing

Girder Total
Spacing Cost ($§/ft) Cost ($/ft)
6'8" $2.54 $18.72 ,
7'4" 2.65 18.83
8'o" 2,75 18,93
g's" 2,84 19,02
9'4" 2,92 19.10
10'0" 2.99 19.17

reinforcement considered uncoated

discussed in detail, is that the analysis obtains unknown
displacements which are dependent upon the overall
structural member, but the synthesis employs design
variables that represent individual plate elements, These
design variables are interlocked with the analysis through
the section properties of the overall structural member, but
cannot be combined into a single integral formulation.

Thus, an iterative process between girder analysis and
synthesis is required to obtain the individual plate
components. This iterative prccedure has been described
fully in Chapter 6. The critical step is the evaluation of
the overall girder depth. The accuracy of the weight
average approach employed by CASE-GBRIDGE is illustrated in
Figure 7.5. The figure shows the cost versus depth
relationship of the supporting steel girders and
demonstrates that the weighted average approach is both

accurate and reliable, The curve is generated from
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incrementing preselected girder depths and programmatically
evaluating the remaining plate design variables. Since the
plates are discrete, the cost objective function is not
continuous. This is reflected in the cost versus depth

plot.
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7.2.1 Cost Analysis Results

The cost evaluation of the specified girder bridges is
given in Tables 7.3, 7.4, and 7.5 for the stiffened web
one-, two-, and three-span bridge systems, respectively.
These tables, however, require explanation so as to
understand their true representation. The bridge roadway
cost used in the synthesis process, including forming and
finish costs, reflect the final in-place roadway cost.
These values then reflect all field labor and shipping cost
to complete the roadway, including guardrailing at the
bridge job site. On the other hand, CASE-GBRIDGE
considerations focused on basic direct manufacturing cost in
the girder synthesis. Costs relating to shipping, field
erection, and diaphragms were not considered. Also,
manufacturing costs that are relatively constant, such as
painting, were excluded. These additional field costs can
be estimated as approximately 0.50 to 1.00 times the direct
manufacturing cests. Thus, for comparison, the
programmatically evaluated girder cost, which illustrates
the variation between WSD and LFD, is presented, but the
total superstructure cost is obtained as roadway cost plus
1.75 times the girder cost. The total cost column is then
to reflect the in-place superstructure cost, including the
field labor costs.

The total cost column. in Tables 7.3, 7.4, and 7.5

reflects the completed superstructure cost. Of course, it
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TABLE 7.3 - Cost Evaluation for a Single-Span, Four-Girder, Stiffened-Web Bridge

Depth Cost
SPAN * : * WSD LFD
1/25 ] 1/30 ho & Road '
P Gird Tot Gird rot
60" 28.8 23.5 48.0 20916 13082 12483
43810 42761
80°* 38.4 32.0 54.0 27888 24314 22790
. 70438 67771
100°* 48.0 | 40.0 58.0 34860 40822 36738
106299 99152

TABLE 7.4 - Cost Evaluation for a Two-Span, Four~Girder, Stiffened-Web Bridge
Depth Cost
y y * * WSD LFD
1/25 | 1/30 | h Road
SPAN 1t opt Gird Tot Gird Tot
80'-80' [58.73 | 28.2 | 23.5 | 48.0 55776 51489 45998
145882 136273
100'-100']}68.58 | 32.9 | 27.4 | 50.0 69720 72333 63017
196303 180000
120'-120'186.97 | 41.7 | 34.8 | 56.0 83664 89366 79635
240055 223025

k]

*based upon WSD
defined by inflection point locations

A4
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TABLE 7.5 - Cost Evaluation of a Three~Span, Four-Girder, Stiffened Web Bridge
Depth Cost
* * WSD LFD
*x 1/25 | 1/30 ho £ Road
SPAN 1 P Gird Tot Gird Tot
80'-100'-80"' |{71.22 { 34.2 | 28.5 | 48.0 97608 90576 78309
: 256116 234649
100'-140'-100"'| 78.87 { 37.9 | 31.5 | 52.0 | 118524 | 128724 109393
343791 320162
120'-160'-120'| 87.65 | 42.1 | 35.1 | 60.0 | 139440 | 192412 161119
476161 421398
*based upon WSD
**] defined by inflection point locations

e1¢
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alone does not indicate the cost of the overall bridge
system. The overall bridge cost includes the bridge
substructure cost plus the approach roadway cost. The
substructure cost and roadway cost are generally greéter
than the superstructure cost. For the specified super-
structure, CASE-GBRIDGE assists in the overall bridge cost
examination, Thus, to determine the overall optimum bridge
system, the cost contributions of the substructure and
approach roadway must be considered.

Not only is the number of spans required tc be
specified in GBRIDGE but also whether the girder bridge has
stiffened or unstiffened webs. A cost comparison between
the stiffened web and unstiffened web four-girder bridge
systems is given in Table 7.6. This table reflects the cost
for the single span and two-span Bridge systems. The table
clearly shows the unstiffened web girders are always more
economical for simple span bridges but, as the number and
length of the spans increase, stiffened webs become more
economical,

It must be noted that, in CASE-GBRIDGE, the synthesis
process allows for either stiffened webs or unstiffened
webs. If the user selects the girder to be unstiffened,
then, only unstiffened girders will be considered in the
synthesis. If the selection is for stiffened webs, only
stiffened webs are examined. Thus, in this case, the user

must be aware that partially stiffened girders may need to
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%%; TABLE 7.6 -- Stiffened vs. Unstiffened Web Girders
(*four-girder bridge system, WSD)
Cost (per girder)*
Span Stiffened Web | Unstiffened Web

§5-60 3270 3128

§5-80 6078 5626

§s-100 10205 9072

25-80/80 12872 15142

25-100/100 18083 21517

28-120/120 22341 27033

be examined. This is particularly true when the stiffener

spacing specified in the synthesis process is at maximum
spacing.

The cost comparisons presented thus far have considered
the variablé effects of certain girder design components,
but all comparisons have been based upon a four-girder
bridge cross-section. The reasoning for this is simply that
a four-girder bridge is more economical than a five-girder
system. As the number of supporting girders increase, the
cost of each individual girder and the roadway cost both are
reduced, but this reduction is not sufficient to offset the
added cost of the extra girder, as shown in Table 7.7. This
table reflects the cost for a two-span bridge system. It

should be noted, however, that the optimum depth is less for

PRy
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five-girder bridges, and the related approach roadway cost
would be affected accordingly. This contribution, along
with the additional bearing cost, must be examined outside

of CASE-GBRIDGE.

TABLE 7.7 - Comparison of Four and Five Girder Bridges

4-Girder Bridges 5-Girder Bridges
2-Span
Bridges Cost ($) Total Cost ($) | Total
dopt per girder| Cost dopt per Girder | Cost

80'-80' | 48.0 12872 51489 [ 42.0 12110 60552
100'-100"} 50.0 18083 72333 | 46.0 16694 83470
120'-120"} 56.0 22341 89366 | 50.0 19199 95997

Girders are stiffened web; WSD
Total Cost reflects girder costs only

One of the reasons why the bridges with the .least
number of girders are more cost effective is due tb the fact
that the total concrete roadway cost is relatively
insensitive to girder spacing, Actually, if slight
overstressing is allowed, the.roadway slab for the girder
bridges considered could be the same, instead of the
increased slab depth that is rigorously required. Employing
the default cost value for the 30 foot roadway system, the
in-place roadway cost per lineal foot are $348.60 and
$331.56 for the four- and five-girder bridge system,
respectively. Referring to Figure 7.6, the relative

insensitivity of slab cost to girder spacing is illustrated

N
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FIGURE 7.6 - Total Roadway Cost per Girder Spacing Variation

using a predefined reinforcing ratio of one-half of the

maximum.

7.3 Conclusions

Several conclusions and observations can be drawn from
investigation of the development of the CASE-GBRIDGE
methodology. They are:

1, CASE Methodology

(a) The concept of fabricated components, which

represents the physical part exactly as it is to

be fabricated, can effectively and efficiently be



)
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utilized in a design methodology applicable to
civil engineering type structures. Usage of
fabricated  components results in  radical
modification of traditional preprocessing and
postprocessing of general purpose structural
engineering programs, but allows for introduction
in a CADD/CAM manufacturing environment through
application of the system database, This is a
significant advantage over currently existing -
computerized structural design methods.

The use of interactive control (and modular
program structure) allows CASE-GBRIDGE to assist
the engineer in his bridge evaluation but does not
alleviate  his design and professional
responsibilities. For example, the uée of GBRIDGE
graphic stress displays and interactive contrcl
allows the user to modify the bridge system after
synthesis operations are performed to examine,
for instance, the economics of a partially
stiffened web girder.

Generation of structural analysis members from
fabricated component data yields two major
advantages for CASE. First, the analytical model
utilized in CASE is the "true" structural system
and not just a simplistic  mathematical

representation. Secondly, since the analytical
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model wused is the actuwal structural system
accounting for all material changes, the safety
aspects are more rigorously examined since all of
the true design parameters are included.
2. Analytical Aspects

(a) All continuous composite girder bridges and
bridges composed of girders with 'material changes
are nonprismatic girders and require nonprismatic
element stiffness matrices to ensure reliability
of the finite element results. The formulation
and implementation‘ herein of the nonprismatic
element stiffness matrix based upon the classical
energy method approach has proven very reliable

and accurate. The element uses a reduced six

degree of freedom coordinate system, This
reduction requires only a minimum of computer
memory storage space.

(b) In the analysis process, a unique procedure was
utilized in CASE-GBRIDGE that has proven to be
very accurate and computationally efficient. The
live load investigation wuses influence line
equations that are in terms of girder end moments.
These end moments are determined very rapidly
using distribution equations, which reflect the
distribution of loading throughout the bridge

system. Furthermore, the analysis techniques
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%g; currently employed in most bridge programs
basically consider only hinge supports, but the
technique used in GBRIDGE incorporates support
conditions which allow for any degree of support
fixity to Dbe investigated. The analytical
procedure employed would be advantageous to use in
any computing environment.

(c) The variation of the moment of inertia of
individual members controls the distribution of
loading throughout the bridge girders. The major
factor influencing the moment of inertia member
property‘ and, thus, the member loading, is the

girder depth. However, about the optimum sectionm,

the girder becomes relatively insensitive to depth
variation. Within the limits of this study, it
has been observed that, if a girder depth, dw'
between 1/25 and 1/35 of the maximum span length
is initially selected, along with selecting the
flange widths of (dw/4.5) + 1.5 and (dw/4.5) + 3.5
for the top and bottom flanges of the composite
girders (use (dw/4) 4+ 2 in the negative moment
area), the load variation throughout the bridge
synthesis process is negligible. Actually, for a
girder that is close to the optimum section depth,
the composite action location is the most crucial

factor influencing the member load.  GBRIDGE

.
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%g; considers the dead 1load inflection points to
define the location for composite action.
3. Synthesis Aspects

(a) Application of structural synthesis has been
successfully applied to girder bridges,
considering both the roadway deck and supporting
girders. It has been observed that the roadway
cost is a significant factor in the overall bridge
cost, although one which is relatively
insensitive. The synthesis process has considered
separate objective functions and constraints for
the roadway and girders, where the behavior
constrains imposed are those given by AASHTO

%E" specifications considering both WSD and LFD
methods. The side constraints employed
reflect the true wmanufacturing limitations.
The cost models developed are reasonably
representative of  current direct costs
(manufacturing and labor).

(b) Two techniques have been used successfully in
the synthesis process. The interior penalty
function approach has been used for the roadway
portion, in which case, the analysis and synthesis
are accomplished simultaneously. The supporting
girders have been examined through the application

of backtracking. Using the backtracking method,
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%&: which is suitable for nonconvex, nondifferen-
tiable, and discrete~value objective functions,
several bridge systems were examined. The
backtracking technique employed has proven
reliable in the girder synthesis operation, where
iteration is ‘required between the analysis and
synthesis operations. |

(c) Several conclusions and insights can be drawn
from the application of CASE-GBRIDGE to the
various bridge systems. These can be briefly
sunmarized as:

* Once an approximate depth is obtained such that

the distribution of internal girder forces .

#=

remain constant, the girder depth can vary
several inches from the optimum depth without
appreciable effect on the girder cost.
Preliminary sizes for the girder section have
been given herein. The optimum depth is always
greater than the AASHTO minimum depth (i.e.,
considering inflection points as defining span
length).

* Under all conditions, girder bridées designed by
the Load Factor Design philosophy will be more
economical than those designed by the Working
Stress Design method. The cost savings vary

depending upon the number of spans and the span
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length from approximately 5 percent to 20
percent. |

* Unstiffened girders are always more economical
in simple span bridges. As the number of spans
and span lengths increase such that the combined
shear and bending effects become significant,
web stiffened girders become more economical.
Actually, for the span lengths examined,
partially stiffened girders are mcre economical.
Furthermore, unstiffened girders possess smaller
optimum depths and thicker webs than stiffened
girders.,

* The use of graphical stress display and

@Eﬁ interactive programming significantly reduces
the engineering time required to review
partially stiffened girder bridges.

* The optimum concrete roadway slab is relatively
insensitive to supporting girder spacing
resulting in the least number of girders
(maximum spacing) always being the most
economical (within the prescribed AASHTO
limitations).

* The roadway cost, although insensitive to girder
spacing, is a very significant factor in the

| overall superstructure cost. The overall

superstructure cost, within the examined span

T
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@‘ ranges, can be approximated as $40/sq. ft. The
overall bridge cost must consider the costs of

the substructure and approach roadway.

7.4 Recommendations

CASE-GBRIDGE has satisfied all of the objectives set
forth in this investigation, but certain enhancements to and
extensions of this methodology are recommended. These are:

(1) Extend the research into the manufacturing aspect
of CASE methodology. This initial effort has considered
"how to" formulation of a structural engineering methodology
that allows a manufacturing program module to extract the
required data from the computer database to allow

fabrication of individual fabricated components. One of the

next steps needs to be the development of the process
control programs to execute the various manufacturing
- aspects.

(2) Extend CASE-GBRIDGE to accommodate more br%dge
types, e.g., box girder bridges, cable stayed bridges, etc.
Also, extend CASE methodology into other civil engineering
type structures, such as building systems [9]. This can be

~accomplished by' formulating the required <fabricated
component, so that the manufacturing function and design are
the same.

(3) Modify the analysis module to consider rigid

framed bridges (without user intervention). Also, after

oy
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transformation to a compiler language, extend CASE-GBRIDGE

to automatically compare lane and truck loading conditions.
A limitafion in CASE-GBRIDGE implementation has been the
development computer language. Thus, the transformation of
CASE into a compiler computer language, such as FORTRAN, and
implementation on a microcomputer containing a math
co-processor board is recommended.

(4) Extend GBRIDGE to examine the substructure and
approach roadway along with the bridge superstructure.
Extensive use of a large project database would be required,
beyond that to be utilized in manufacturing.

(5) Examine the dynamics of the bridge systen,
including structure-soil interaction, via addition of a

dynamic analysis module to CASE-GBRIDGE.

£
{

(6) Examine the synthesis process through the use of a
"rule-based" expert system. Also, extend the graphics

applications simultaneously.

7.5 Summary

This dissertation has developed and presented a new and
significant concept for the optimal design of highway girder
bridges. The need for such a methodology is clear; the
requirements for implementation have been outlined and

explored in depth.
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%L; This research has incorporated unique approaches to
several points included in this '~ study. 0f primary
significance is the concept of fabricated components. This
concept allows the analysis model to represent exactly the
structure under consideration, eliminating the wuse of
inaccurate mathematical approximations. This concept is
essential for the effective and efficient application of
CADD/CAM to civil engineering type structures.

Especially important for the efficient flow and sharing
of data is the relational database developed herein. This
relational database concept utilizes a layered approach
which accommodates the fabricated component concept. This
database formulation eliminates the need for storage of
@gi~ member section properties. Only the element data required
to physically fabricate each individual component are stored
within the CASE database.

In this research, an accurate and efficient element
stiffness matrix for nonprismatic members has been developed
that ,utilizes numeric quadrature, the accuracy of which was
demonstrated through example problems. A stiffness analysis
procedure has been formulated employing the nonprismatic
element stiffness matrix &hich includes a rapid 1load
analysis capability based upon described shear and moment
influence line equations. As a result, the analysis process
uses the true structural variation of cross-section

properties, rendering the analysis results more precise.

\ai ‘
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When an analysis is performed at a particular analysis
point, all necessary information is regenerated for each
analysis utilizing the member end moment data.

Following discussion of the analysis process, this
study describes the interlocking and interdependent nature
of the analysis/synthesis process and explicitly fofmulates
the objective functions, for both the roadway slab and the'
supporting girders, in terms of cost. The girder objective
function considers the cost of fabrication and all costs
which are related to the variation in girder depth. Both
the AASHTO Working Stress Design method and the Load Factor
Design method are considered in the synthesis process and
constraints based upon these specifications are presented.

Employing either WSD or LFD, the analysis/synthesis
process is applied in the selection of the "optimal" design
variables. The girders (plate elements) are selected based
upon a uniform girder depth that is evaluated based upon a
weighted average approach. To ensure adherance to safety
requirements, the design checks are performed independently
of the structural synthesis process.

As an aiternative to the direct structural synthesis
approach, the CASE methodology has included a graphics
plotting system that graphically displays on the computer
terminal the actual and allowable stresses. This can be
used in conjunction with the independent cost evaluation

segment to rapidly converge to the optimal design variables
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and/or verify the results obtained from the synthesis. The
accuracy and reliability of the CASE-GBRIDGE system is
illustrated through application to a wide range of bridge
systems. Cost comparison has yielded insight into the
contributing factors to bridge economy, along with some

general recommended member arrangements.
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Formulation of the nonprismatic element stiffness

matrix has been presented. However, the bridge analysis
procedure is based upon the action-displacement equations to
relate member degrees to freedom to member end forces
(equivalent nodal <forces). These action-displacement
equations are obtained by relating the accummulated effects
of the element stiffnesses and related membef end forces
(joint loads). For a concentrated and uniformly diétributed

load, the equivalent nodal member end forces are given by:
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in which A, B, and C are as previously defined and

x3dx » dx
D=1I, = E=1I./J
Ly o8 L
L L Ix 2 (k )Ix
x dx xzdx
F=1I 1/ C=1 J e
Ly (kE)ZIx ) (k2)31x

Numeric integration is employed in evaluation of the
action-displacement equations. The numeric procedure
utilized is Gaussian quadrature in which the algebraic
expressions are transformed into a summation of numeric
products of weighted coefficients evaluated at normalized
sampling points (gauss points). The general quadrature
expression is given by:

1 n
I=1/ £(x)dx =1 W, * f(Ei)
-1 i=1
where W, are the weighting coefficients which are multiplied
by the function value at the gauss point Ei. The gauss

weighting coefficient at normalized sampling points are

given as:
n 131 Wi
1 0 2
1 1
2 - —, ot —— 1,1
3 3
3 3 5 8 5
3 - = 0, + ~— s T T
5 5 9 9 9
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The largest numeric integration occurs for the
polynomial expressions of the highest degree, i.e., for the
uniformly loaded nonprismatic beams presented in Chapter 4.
Consider the segmented nonprismatic beam from Chapter 4,

re-illustrated in Figure A.1l. The coordinate transformation

is given by:

e D' (3 al ) 8"—-
l 2K/Ft l
HHHHHHHZ
Z 2
2 Z
71 L ¢
2l
FIGURE Al
a(=0) < x < b(=L/3) x = (L/6) (£+1)
dx = (L/6)dEf
a(=L/3) < x < b(=2L/3) x = (L/6) (E+3)
dx = (L/6)dg
a(=2L/3) < x £ b(=L) x = (L/6) (E+5)
dx = (L/6)dE

The individual coefficients are determined from:

£ dx 3 1 (L/6)dE - )
A=I J ==l I [ ———=IW *f(E.) £=0, W=
L L h i
0L, 1 -1 L(Ix) ‘
2 2 2
S e— o — o —
6 12 6
A = 0.833333
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%&; % x dx 1 (£+1) (L/6) (L/6)dE
B=1I f—=—=1 [/
L 2 L 2
OLIX -1 LIX
1 (£+3) (L/6) (L/6)AE 1 (£+5) (L/6) (L/6)dE
+ f 3 + [ 3
~1 LIx -1 LIx
= T W % () @ E =0, W=2
1 1.1 1
= (2@ + 3E22 + Gy 2@
6 . 6 2 6
B = 0.4166667
% x2ax } (£+1) 2(1/6) ® (1/6) dE
C=1 — = T
L3 L g
01, -1 11,
1 (e w6 w/ear 1 (5+5)%w/6) 2 (w/6)d
+ J 3 + f 3 ]
-1 1’1, -1 1’1,
@ 2 1 L
) = I W. * £(E. QE=d4 o=, W=1.
2N (El) 3
1 ) 1 )
= () [0.42265]2(1) + (—)[1.577351%(1)
216 216
1 , 1 1 , 1
¥ (=) [2.42265]12(=) (1) + (=) [3.577351%(~) (1)
216 2 216 2
1 ) 1 ,
+ (=) [4.422651%(1) + (=) [5.577351%(1)
216 216
C = 0.29012346
% x3dx } (£+1)3 (L/6) 3 (L/6)dE
D=1, J = =1I_1{
L 4 L 4
OLIx -1 LIX
1 (e#3)3w/6) 3 werar 1 (8+5)3(w/6) (/6 at
+ [ I + f 1 ]
-1 1, -1 i,
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3 3 3 585
=1 Wi * f(gi) BE==~0, = W= ===
i=1 5 5 999
1 5 1 8
= (=) [0. 22540] (=) + (—)I[1. 0000] ( )
1296 9 1296
1 5 1 1 5
+ (—)[1. 77459] (=) + (=——)[2. 22540] (=) (=)
1296 9 1296 2 9
1 1 8 1 1 5
+ (=) [3.0000] ( )( ) + (—)I[3. 77459] (= )(-)
1296 1296 9
1 3 5 1 3 8
+ (=) [4.22450]7 (=) + (=) [5.000]7(-)
1296 9 1296 9
1 5
+ (—) [5.7745913 (= )
1296

D = 0.22685185

Using the evaluated coefficients, the equivalent joint

load vector is obtained as follows:

we 2 (0.416667) (0.226850) - (0.290123)2

2 (0.833333) (0.290123) - (0.416667) 2

- 0.75925 Wa2

w2  ac-B2+BD-C2-AD+BC
Mp = — | |
R ac-82
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'%gL [(0.833333) (0.290123) - (0.416667)2
+ (0.416667) (0.226850) - (0.290123)2
W%z - (0.833333) (0.226850) + (0.416667) (0.290123)]
i [_;.] (0.833333) (0.290123) - (0.416667)2

0.075925 W42

where, specifying a uniform load of 2 k/ft and a member

length of 6 feet, this yields the equivalent load vector of
0

6

F_= | =-5.4667
0

6
5.4667

These results yield precisely the "exact" theoretical member
@ end forces. |

The numeric quadrature procedure is similarly applied
to variable depth nonprismatic beam elements. In
application of the nonprismatic element to variable depth
beams, i.e., when the start and terminal member depths are
not the same, the moment of inertia variation must be
considered. The variable depth girder of Chapter 4 is
re-illustrated in Figure A2. The coordinate transformations

are given as:

L
a(=0) < x < b(=0.41) x = =(g+l); dx = ~ dg
5 5
% 3%
a(=0.42) < x < b(=0.72) X = —(38+1); dx = — dg
- 20 20
%{‘ IR 3%
o a(=0.7%) < x < b(=4) X = =—(38+l); dx = — di
20 20
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w=1k/ft
ERXREERERRRRE!

SOTREEEEEERRY
w
~
a

b

l.;_

w
]
U
AL LN AN

4 = 3'

FIGURE A2

The individual coefficients are obtained by accounting for
the variation in the members' moment of inertia by
evaluation of inertia property at the segmented Gauss
points, The coefficients can be evaluated by considering

the components of the variable depth girder from Figure A.2.

The A coefficient is obtained from:

L dx LA48  dx .78 dx g dx
A=I [e—m=]I [ —=—+I [ =t I [ e
L L L L
0 LI, 0 LI, A8 LI, 7% LI,
1 LdE 1 3LdE 1 3Ld:
=1 [ ew—t+I S + IS
Loypsnr. Lo gonr L1 2011
X X X
1 1 I, 6
=11 + ] + = [=—]
5Ixyy  5Ixg; I, 20
3 3
+ IL{ + ]
ZOIxA2 ZOIsz

where the subscribed "I"s refer to moment of inertia at the
Gauss points.

6.59
A=6.,59[0.253] + == [0.3] + 6.59[0.189]

% 0.42
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A =17.607283

The other coefficients are evaluated similarly and are:

B = 4.0293866
C = 2.387009
D = 1,5226013

The equivalent joint load vector is obtained using the

evaluated coefficients. The member end moments are obtained

w2 Bp-c?
My == — [——3] = 11.37 ft-k
2 AC-B
wa?  ac-s2+BD-c2-ap+aC
My = — I > ] = 10.28 ft-k
2 AC-B ’

and the resulting joint load vector is given as:
0

5.109
F_=111.370
0

4,891
10.280

The precision obtained from application of the
nonprismatic element numeric quadrature process has been
illustrated in Chapter 4 in which the traditional analysis
approach to this variable depth girder problem resulted in a
4,2 percent error as compared to only 0.6 percent error
obtained from employing the CASE approach. By employing

this numeric quadrature procedure for any nonprismatic
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arrangement, the desired degree of accuracy can be obtained

(within numeric truncation limits) by simply increasing the

number of sampling points employed.

@.
B
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Appendix B

A
W
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o |

Discrete values of variobles

X, 121,83 wh
Uu=12 w T| Print
j ' Results

Using Iaterval halving method l
compute the minimum value x,
which still satisfles the . no
constraints |

9, (xm‘xna'xat,""'xﬂ,,) 20¢ =1 .M yes
[ — K® %y fetmme——( ><..<7rsD

%, which stil satisfies

% (xm,x%.x“a....,x“.) 20

as_mwhlch st satisfies

5, o X o X ar ,x“u) 20

[ I—

]
Mwhlch still satisfles
g, (xm, ¥ """x"'..) 20

' J—

Compute x from

€oStlg, wX) = COSY ey wXy)

Icostm= cost(x,, ...)g“)J
)

Ccost(xm, w2 < cost_,)ﬂ—‘
1
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START

€ (CONVERGENCE CRITERIAY = 0.001 -
X* (IN FEASIBLE REGION) .

n = c=01

a .

UNCONSTRAINED MINIMIZATION OF PCXr
P = FOO - r‘;?}&)-

| YIELDS X

¢ |

(CHECK CONVERGENCE YES

JFe™ - Fool TERMINATE
' IFeOl

0

Y

N X |jege—
=

» +

. [ &

/ r
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Appendix C
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GBRIDGE - GENERAL FLOW

~ lood and execute
(MASTER MENU ) ‘

Selection 1 = Run Bridge Input Segment
Selection 2 - Run Bridge Roadway Segment
Selection 3 = Run Bridge Grophics/Cost Segment
Selection 4 - Run Bridge Analysis Segment
Selection 5 - Run Bridge Synthesis Segment
Selection 6 - Run Bridge Design Check Segment

:

(Loud and Execute Selection # )

MASTER MENU ) _(
(Selectlon 1 Bridge Ian'b Segnent)

Selection 1| - Use Bridge Dota from Flles
Selection 2 - Input New Bridge Data
Selectlon 3 - Return to MASTER MENU

(Loo.cl ond Execute Selection # )
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Input Use Existing Bridge Data
(Selectlon 1 ) ™ (List existing bridge files

and input filename)

|

Review, Verify of Modify Bridge Data
Fabricated Components
Material Properties
Bridge Geometry
Loading Type and Design Method

‘ es
cA SSEtO{:t:l:aseHInPUt active {-‘llenone)

l ¥eS /' Return to
C In‘ter*o.t:'lilve Mode)——-—( MASTER MENU)

Load ond Execute Selection 4
from MASTER MENU - Analysis
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4

Input ) (
CS elencp'gon 2 Input New Bridge Doﬂca)

‘ using display menus
and default values

Input Material Properties

Input Bridge Geometry

Input Loading Type and Design Method

Input Fabricated Components
Generate SPAN Matrix

'

Load and Execute Selection 1 |
from Bridge Input Submenu

e (Se Input Return to MASTER MENU)

(Loo.d and Execute MASTER MENU)

(R e Z= —)

Selection 1 - Analyze Bridge Roadway
Selectlon 2 - Design Bridge Roadway
Selection 3 ~ Change Indicated Design Method
Selection 4 - Return to MASTER MENU

(Load ond Execute Selection #)

A
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(Rocsd:l%t?fngqent)‘“@m‘Yz"’ Bridge Roadway )

using display menus
ond default values™ |}

Input and/or Review and Modify
Roadway Deslign Data
Roadwoy Unit Cost Data
Roadway Reinforcing Data

P

es
CRevlew Dd‘ta} Y ' —

t no
Disploy Roadwoy Report
to Screen Stress Summary
and Costs

!

(Modlf-‘y Roadway Data yes

If Desired - Obtain
Hard Copy

\
(I'? Desired - Store Dqtq)

%o current filename

Q.oad and Execute MASTER MENU)
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Roadway Segment
( OOSele}::_tlo'? 2 >——<Deslgn Bridge RoadwaO

using display menus
and default values

<Rev:ew, Verify of Modify

Roadway Design Data
Unit Cost Data ’

Perform Syn'l:hesls/Ano.lysls
for dXp and Ag(X2)

(Interior Peno.l'ty Function)

Evaluate cll Bor sizes
@ and spacing

Load and Execute Roacdway Segment 1
at Display Report Location

(Roag:@ét?:ng%ent}{%ange Indicated Design Me'thod)

(Toggle between WSD and LFD)
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(Roag:& tf;?‘f“"HRetum to MASTER MENU )

Goad and Execute MASTER MENU)

U .
(22{8;5502? )"’( Bridge Grophics/Cost Segmen@

l

Selection 1 - Displey Bridge Elevation
Selection 2 - Display Bridge Plan and Costs
Selection 3 ~ Return to MASTER MENU

' (Loo.d and Execute Selection #)

Gmph,gz l/g:g:n slegmen'b- )—-—(Dlsplo.y Bridge Elevatlon)

Display elevotion of
current bridge systenm

(Re'tur‘n to Graphics/Cost Menu)
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Graphics/Cost Segment Display Bridge Plan
Selection 2 and Cost

Disploy Bridge Plan and
Cross-Section of current
bridge rsystem

Evaluote costs of current
filename bridge superstructure
girders plus roadwoy

(Hardcopy of Cost Datu)—ﬁ—t
ﬁ no Per current filename -
Output Plan end Cost Data
\
(Re'turn to Grophics/Cost Menu)

Selection 3

Graphics/Cost Seg“e"D—-(Retur‘n to MASTER MENU)

|
(Loo.cl and Execute MASTER MENU)
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NU
(gzlsgfgor E4 HBrldge AnalTls Segment )

CPerForm DL Analysis - set modular ratio = 0)

l

For 11 = 1 to number of spans (NSPANS) °

Numerically evaluate element stiffness matrix
Assemble element matrix into Global
stiffness motrix

Incrénent II

Evaluate Equivalent Uniform DL
Decompose Banded Stiffness Matrix
Assemble Actlon Force Vector

% Solve for Displacements

Evaluatet Member End Forces
Support Reactions
DL Inflection Points

Store In Scratchfile:
Uniform DL
negotive of end forces
Support reactions
DL Inflection Points

(Per{-‘om SDL Analysis - set modular ratio = 3@ o
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For II = 1 to NSPANS

Using DL inflection points and composite
action condition
Numerically evaluate element stiffness matrix
Assemble element matrix into Global
stiffness matrix
Increment II

Decompose Banded Stiffness Matrix -
Assemble Actlon Force Vector
Solve for Displacements

Evoluater Member End Forces
Support Reactlons

Store in Scratchfile:
SDL (superimposed dead load>
negative of end forces
Support reactions

L i

(Per‘{-‘om LL Analysis - modulor ratio & N)

For II =1 to NSPANS

Using DL inflection points and composite
action condition
Numerically evaluate element stiffness matrix
Assemble element stiffness matrix into
Global Stiffness Matrix
Increment II

Decompose Banded Stiffness Matrix
Apply Joint Moments and evaluate
End Moment Values

Store In Scroatchfile:
End Moment Values
Support Reoactions

!
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!

Is Program set for \ no
Batch Processing or j
controlled from Synthesis
' Load and Execute
yes l MASTER .MENU

Load and Execute
Bridge Design Check Segment

MASTER MENU ) (
(sg(ectlon 5 Bridge Synthesis Segment)

using display menus
aond default values

Review: Verify or Modify
Materiol Costs
Stiffener Costs
Splice Costs
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{

<Set ICOUNT = 1 and filename to)
TEMPFILE (ASCID

yes .
o Qs Girder Depth Preset ?J

,, [ro

For II = 1 to NSPANS
Evaluate Internal forces
1 Locate Section Prop. Point (SSP) of Absolute
Moximum Moment per fabricated component

segment, |

Per SSP moment (M) and shear (V) values and
base on design method and web type
Call BACKTRACK

Save dwl and twl per segment |

Increment segment | per span II
Modify plate components
Increment II

- g
—

R

v ( evaluate dy;o )
Lood and Execute yes
( Bridge Analysis ) OCUUNT $ 3)
‘ ~( ICOUNT = 4 no

I .
g
R
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dy = depthset or dWavg

Locate SSP of Absolute moximum moment of Segment |
then per SSP with mox M (and relcted vy o
set plate sizes as largest plates

For II = 1 to NSPANS

Evaluate Internal forces

Per SSP M and V valuej call BACKTRACK

If moment chonges sign in segment |
of opposite signy call BACKTRACK
COMPARE +M and -M results and

Increment segment | per span II

Increment II

(‘Load and Execute Bridge Analysis )

MASTER ME
(SelecEtI?on glU )—{Brldge Design Check Segment)

\

Per Current filename
For II = { to NSPANS )
Evaluate Internal forces Per Sect. Prop. Point (SPP)
and stresses/or factored forces
Per Specified AASHTO Design Method
evaluate Allowoble values per SPP

6
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{
. |

f

Jo Is GBRIDGE in interactive mode ? yes
(else, in BATCH Mode)

’ —if I = 1—— —

Query If graphical display
of actual vs allowable :

values Is required

Y
OQutput to Printer l .
O et i Fard copy reqired 1 )—
yes QUTPUT TO no |

Set level oF Output )
b)

report (full or partia

(¢
else g
¢

Output
Bridge S'l:ress Report

_ A |
~{ INCREMENT n)—-——

when all spt%ns examined

((CONTINUE GBRIDGE )

V

(Load and Execu‘l:e) ' ( Terminate )
MASTER MENU
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Appendix D

{
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GERIDGE COST REFORT

BRIDGE FILE NAME

:WSD_25PAN!
REPORT DATE :

#x#% BRIDGE SYSTEM %*##x%

SPAM1 SPRAN2

ROADHAY

BRIDGE PLANM

RORDKAY

k o]
I T 11

X~SECT

*xxx_COST SUMMARY #¥%%

.

168083.26

COST PER GIRDER (for entire bridge lenth) =%
NUMBER QF GIRDERS = 4
TOTAL WEIGHT OF SINGLE GIRDER (lbs) = 31025.00

COST OF ROADWAY (for entire bridge length) =% 49720.12
TOTAL WEIGHT OF SLAB REBAR (lbs) = 49037.8%9

TOTAL BRIDGE SUPERSTRUCTURE COST =$ 1420S53.16
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GERIDGE ROADWAY

REFORT

BRIDGE FILE NAME :WSD_2SPAN1
REPORT DATE :

*%%% ROADWAY DESIGN DATA *##x%

CONCRETE DATA :
ROADWAY SLAB THICKNESS (in)
CONC. STRENGTH (fc’~ksi)

s e
& m

REINFORCEMENT DATA :(top rebar epoxy coated and rebar Fy= 40 )

TOP COVER(in) :
BOTT COVER(in) =

ROADWAY BAR SIZE
TRANSVERSE DIRECTION :  TOP REEAR &
BOTT. REBAR 4
LONGITUDINAL DIRECTION:  TOP REBAR 4
(center segment) BOTT. REBAR S
(end segment) BOTT. REBAR ]
OVERHANG
TRANSVERSE DIRECTION : TOP REBAR 6
. A . BAOTT. REBAR b
@ . LONGITUDINAL DIRECTION: TOF REBAR 4
' BOTT. REBAR 4

BRIDGE QVERHANG DATA :
OVERHANG DIST. (in)
GUARD RAIL TYPE

34.00
CONCRETE BOX

##x% STRESS SUMMARY ##%%

CURE WIDTH(in)
CURB HEIGHT (in)

267

2
1.5

SPACING (in)
6.00
6.00
18.00
4.00
12.00

6.00
6.00
?.00
11,00

oo

ASSHTO SERVICE LOAD DESIGN

##%#  MOMENTS (in-k) % REINFORCEMENT #%  CONCRETE  »*##
' M_reqd M_prov ft_act Ft_all fc_act Fc_all
ROADWAY 91.43 105.45 20.8 24.0 1.39 1,60
OVERHANG 68.67 105.45 15.6 24.0 1.04 1.60
MIM SLAB THICKNESS RE®‘'D (in) : 7.9
MIN FLEXURAL DEPTH REQ@’D (in) : 5.9
MIN REINFORCENT AREA (in*2) ¢ ,77
LONGITUDINAL REINFORCEMENT DISTRIBTUION
EEXE ROADWAY #4% OVERHANG L]
* TOP REBAR BOTT. MID BOTT. END # TOP REBAR BOTT REBAR #
As REQD. 123 592 296 «296 «125
As PROV. « 131 614 »307 . 262 .214
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GERIDGE STRESS REFORT

BRIDGE FILE NAME :WSD_2SPAN1
REPORT DATE :

*#4% GIRDER TYPE/ BRIDGE GEOMETRY ###*

GIRDER TYPE cuvacccssascscsscanneet COMPOSITE GIRDER =~ for (+)&(-) MOM.
GIRDER LOCATION .sceveervcanseness.? INTERIDR GIRDER
LENGTH TO SYMM. (ft) (O=Unsymm.}..: 100

NUMBER OF SPANS ccevecsneanccnnsee: 2
NUMBER OF GIRDERSaiesnscvsvernncnei: &
GIRDERS SPACING (ftleceecveacnaaees 9.25
TRAFFIC ROADWAY WIDTH (ft)........: 28
TOTAL ROADWAY WIDTH (ft)eveceean.or 30
TOTAL ROADWAY SLAB THCK'S (in)....: 8

ROADWAY HAUNCH (imdeececcesvannaasss 2.375
AREA OF CONC. RE~BAR (in*2).......: 5.4

*#ex% MATERIAL PROPERTIES #xx%

MODULUS OF ELASTICTY (ksid...e.eead 29000
YIELD STRENGTH OF STL (ksid.seeeeae: SO
ULTIMATE STL STRENGTH (ksidees.aee: &5
CONC. COMP. STRENGTH (F't=ksil)e...: 4
MODULAR RATIO (ES/EC)eccccusicccsst B
RE~BAR YIELD STRENGTHevsvssesssuas: 60

axue DESIGN LOADS/ AASHTO DESIGN METHOD **x+

LOADING TYPE eevescecccccnnsssaesss HS20~44 TRUCK LOAD
LOADING DIRECTION ¢cvevvecesnacs.s: BOTH DIRECTIONS
- VARAIBLE AXLE SPACINGusscnvsceoesast 14
DEAD LOAD INCREASE FACTOR s.ceeeeet 1
SUPERIMPOSED DEAD LOAD (K/ft) ....: 4165
FATIOUE STRESS CYCLES ieavnvaeeesast 2,000,000
AASHTO DESIGN METHOD ..secveeceesa: SERVICE LOAD DESIGN (WS)

IMPACT FACTORS: SPAN POS 1 NEG I
1 1,222

. 1.222
2 1.222
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#%x%% REACTION SUMMARY #*i#

JOINT FIXITY: ( X=FIXED, O=FREE )

JT. NUM X-DIR Y-DIR Z-DIR

t X X o . .
2 0 X 0
3 0 X 0

VERTICAL REACTION COMPONENTS ( Y-DIRECTION VALUES )

¢ LL+D ) TOTAL (Kips)

JT. NUM  --DL~= ==SDL== ==MIN===MAX=>  —=MIN=-=={MAX--
1 38.10 6.34 -6.38 65.68 38.07 110.13
2 144,17 20.98 0.00 139.27 165.14 3504.41
3 38.10 6.34 -6.38 65.48 | 38.07 110.13
*#xxx_MAX. DEFLECTIONS ¥

GIRDER LOC. ~--DL-— --SDL-- ~—-LL-- TOTAL

\ 1 40.43 1.50 36 75 2.61

@ 2 99.57 1.50 «36 79 2.61

###% SPANS MATRIX (FAB. COMP. #°S) wkx¥

SPAN # SPAN LENGTH (ft) FC#1 FCH2 FCHS FCH4
1 100.00 1 2 3 o
2 100.00 3 4 S (v}

TOTAL NUMBER OF FABRICA*ED COMPONENTS = §
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##4%_FABRICATED COMPONENT DATA ###+

'

FAB. COMP. NUMBER

1
2 FAB. COMP. TYPE
3 BEARRING LENGTH (in)
4 SEG.-1 LENGTH (L1-ft)
S SEG.~2 LENGTH (L2-ft)
& START DEPTH (in)
7 NEXT DEPTH (in)
8 NEXT DEPTH tin)
9 THK. TOP FLG., -SEG.1
10 WID. TOP FLG. ~SEG.1
11 THK. BOTT. FLG. -SEG.1
12 WID. BOTT. FLG. -SEG.1
13 WEB THICKNESS -SEG.1
14 THK. TOP FLG. -SEG.2
1S WID. TOP FLG. -SEG.2
1 FAB. COMP. NUMBER
2 FAB. COMP. TYPE
S BEARING LENGTH {in)
4 SEG.-1 LENGTH (Li~-ft)
S * SEB.-2 LENGTH (L2-Ft)
& START DEPTH in)
7 NEXT DEPTH (in)

7 8 NEXT DEPTH (in)

A 9 THK. TOP FLG. ~-SEG.1

' 10 WID. TOP FLG. ~-SEG.1
11 THK. BOTT. FLB. -SEG.1
12 WiD. BOTT. FLG. -SEG.1
13 WEB THICKNESS  ~SEG.1
14 THK. TOP FLG. -SEG.2
15 WID. TOP FLG. -SEG.2
1 :FAB. COMP. NUMBER
2 FAB. COMP. TYPE
3 BEARING LENGTH (in)
4 SEG.-1 LENGTH (L1-ft)
S SEG.-2 LENGTH (L2-ft)
& START DEPTH tin)
7 NEXT DEPTH (in)
8 NEXT DEPTH tin)
9 THK. TOP FLB. -SEG.1
10 WiD. TOP FLB. -SEG.1°
11 THK. BOTT. FLB. -SEB.1
12 WID. BOTT. FLG. -SEG,.1
13 WEB THICKNESS  -SEG.1
14 THK. TOP FLG. ~SEG.2
15 WID. TOP FLG. -SEG.2
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24
16
S50
S0
S50
«S
12
1.625

«3125
875
12

16
17
18
19
20
21
22
23
24
25
24
27
28
29
30

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

THK. BOTT. FLG. -SEG.
WID. BOTT. FLG. -SEG.
WEB THICKNESS  -SEG.
NUM. OF SIDES FOR STIFF.
STIFFENER THICKNESS (in)
STIFFENER WIDTH T tin)
FIRST STIFF. SPACE (in)
STIFF. SPA'G SEG.-1 (in)
STIFF. SPA'G SEG.-2 (in)
SHEAR STUD CODE ’
STUD SPA’'G  SEG.-i (im)
STUD SPA‘G  SEG.-2 (im)
NUM. OF BEAR'G STIFF.
BEAR'G STIFF. THK. (in)
BEAR’G STIFF. WID. (in)

NNR

THK. BOTT. FLG. -SEG. 2
WID. BOTT. FLG. -SEG. 2
WEB THICKNESS  -SEG. 2
NUM. OF SIDES FOR STIFF.
STIFFENER THICKNESS (in)
STIFFENER WIDTH tin)
FIRST STIFF. SPACE (in)
STIFF. SPA‘G SEG.=1 (in)
STIFF. SPA'G SEG.-2 (in)
SHEAR STUD CODE

STUD SPA‘G  SEG.~-1 (in)
STUD SPA‘G  SEG.-2 (inm)
NUM. OF BERR'G STIFF.
BEAR’G STIFF. THK. (in)
BEAR’G STIFF. WID. (inm)

THK. BOTT. FLG. ~S5EG. 2
WiD. BOTT. FLGB. -SEG. 2
WEB THICKNESS -SEG. 2
NUM. OF SIDES FOR STIFF.
STIFFENER THICKNESS (in)
STIFFENER WIDTH (in)
FIRST STIFF. SPACE (im)
STIFF. SPA‘G SEG.~1 (in)
STIFF. SPA‘G SEG.~2 (in)
SHEAR STUD CODE

STUD SPA'G  SEG.~1 (in)
STUD SPA°G  SEG.=-2 (in)
NUM. OF BEAR’G STIFF.
BEAR'G STIFF. THK. (in)
BEAR'G STIFF. WID. (in)
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CONOUD UN -

BORNOCWUND>WN ™

10
11
12
13
14
1S

FAB. COMP. NUMBER
FAB. COMP. TYPE

. BEARING LENGTH (im)
SEG.-1 LENGTH (L1-ft)
SEG.-2 LENGTH (L2-ft)
START DEPTH (in)
NEXT DEPTH tin)
NEXT DEPTH . tin)
THK. TOP FLG. ~SEG.1
WiD. TOP FL6. ~SEG.1

THK. BQTT. FLG. -SEG.1
WID. BOTT. FLG. -SEG.1

WEB THICKNESS -SEG.1
THK. TOP FLG.  ~SEG.2
Wib. TOP FLG. ~SEG.2

FAB. COMP. NUMBER

FAB. COMP. TYPE

BEARING LENGTH in)
SEG.~1 LENGTH (L1-£t)
SEG.-2 LENGTH (L2-ft)
START DEPTH {in)
NEXT DEPTH tin)
NEXT DEPTH (in)
THK. TOP FLG. -SEG.1
WID. TOP FLG. -SEG.1
THK. BOTT. FLB. -SEG.1
WID. BOTT.-FLG. -SEG.1
WEB THICKNESS  -SEG.1
THK. TOP FLG. -SEG.2
WID. TOP FLG. =SEB.2

annaunonoe g @non

16
17
18
19
20
21
22
23
24
25
24
27
28
29
30

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

THK. BOTT. FLGB. ~SEG. 2
WID. BOTT. FLG. -SEG. 2
WEB THICKNESS -SEG. 2
NUM. OF SIDES FOR STIFF.
STIFFENER THICKNESS (in)
STIFFENER WIDTH (in}
FIRST STIFF. SPACE (in)
STIFF. SPA‘G SEG.~1 (in)
STIFF. SPA’G SEG.~-2 (in)
SHEAR STUD CODE !

STUD SPA‘G  SEG.-1 (in)
STUD SPA‘G  SEG.-2 (in)
NUM. QF BEAR'G STIFF.

BEAR'G STIFF. THK. (im)

BEAR'G STIFF. WID. (in)-

THK. BOTT. FLG. ~SEG. 2
WID. BOTT. FLG. —SEG. 2
WEB THICKNESS ~SEG. 2
NUM. OF SIDES FOR STIFF.
STIFFENER THICKNESS (inm)
STIFFENER WIDTH (in)
FIRST STIFF. SPACE (in)
STIFF. SPA’G SEG.-1 (in)
STIFF. SPA‘'G SEG.~2 (in)
SHEAR STUD CQODE

STUD SPA'G  SEG.-1 (in)
STUD SPA‘G SEG.-2 (in)
NUM. OF BEAR'G STIFF.
BEAR'G STIFF. THK. (in)
BEAR’G STIFF. WID. {im)
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*

# _GIRDER MEMBER # 1

*

*
*
*

BN FE A F NI FEAEIE AN T A

SPAN LENGTH (ft)= 100.00
INFLECTION POINTS (ft)=

##x%x GIRDER DESIGN PARAMETERS ####

P DIST(ft)
1 0.00
2 10.00
3 16.00
3 16.00
4 20.00
S 30.00
& 40.00
6 40.00
7 50.00
8 £0.00
? &64.00
? 64.00
10 70.00
11 80.00
11 80.00
12
13

%0.00
100.00

s
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DEPTH(in)
50. 00
50.00
50.00
50.00
50.00
50.00
50.09 -
50.00
50.00
50.00
50. 00
50.00
$0.00
50.00
50.00
50.00
50.00

D/Tw
160.00
160.00
160.00
160.Q0
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160,00
160.00
160.00

0.00

BITE
24.00
24.00
24.00
24,00
24,00
24,00
24.00
24.00
24.00
24.00
24.00
13.71
18,29
18.29

?.14

?.14

9.14

68.58

r-
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
21.33
21.33
21.33
21.33
21.33

Ltb
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

20.00
20.00
20.00
20.00
20.00

do
20.00
40.00
40.00
$0.00
50.00
S0.00
$0.00
50.00
$0.00
§0.00
$50.00
40.00
40.00
40.00
30.00
30.00
30,00
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0.00
0.00
0.00
0.00
.00
0.00
0:00
0.00
0.00
0.00
0.00
0.00
S.40
5.40
S5.40
S.40
S.40



##xx SECTION PROPERTIES, MOMENTS, AND SHEARS ###%

)

273

#x SECTION MODUIX (in~3) #%#  MOMENTS #%% SHEARS (K)#
ANAL. (ft)  LOAD TQP BOTT. (in=K) (LL+1)
PT. DIST COND. CONC.  STEEL  STEEL MAX MIM MAX  RANGE
1 0.00 DL 462.6 604.2 ~0.0 . 37.0
SDL 1852.7 2966.2 845.5 0.0 6.2
LL+I  3432.6 175¢8.8 905.9 0.0 -0.0 65.7 72.1
2 10.00 DL 462.6 604.2 3794.5 26.2
ShL 1552.7 2966.2 845.5 642.2 4.9
LL+I 3432.6 17368.8 903.9 46279.0 -7465.0 ' S6.8 47.2
3 16.00 DL 462.6 404.2 544%.0 19.7
SDL 1552.7 2966.2 B845.5 932.4 3.5
LL+I  3432.6 17568.8 905.9 9304.7 -1224.0 Si.6 &5.1
3 16.00 DL S01.2  944.5  §449.0 19.7
' SbL 1744.9  2851.3 1304.6 932.4 3.5
LL+I  4008.7 11241.2  1393.9 9304.7 -1224,0 S1.6 65.1
4 20.00 DL S01.2 944.5  6292.7 15.4
SDL 1744.9 2851.3 1304.46 1086.3 2.9
LL+I  400B.7 11241.2 1393.9 11142.2 -1530.0 48.2 64.8
] 30.00 DL 501.2 944.5 7494.6 4.6
SDL. 1744.9 2851.3 1304.6 1332.5 1.2
LL+I  4008.7 11241.2 1393.9 14314.8 -2295.0 39.7 64.4
6 40.00 DL $501.2 944.5 7400.2 =6.2
; SbL. 1744.9 2851.3 1304.6 1380.6 -4
ég . LL+I  4008.7 11241.2 {393.9 15551.8 ~3060.0 <33.4 64.9
K &6 40.00 DL 501.2 944,5 7400.2 -6.2
SDL 1744.9 2851.3 1304.6 1380.6 -4
LL+I  4008.7 11241.2 1393.9 15551.8 =3060.0 -33.4 64.9
7 50.00 DL S501.2 944.5 46009.4 -17.0
SoL 1744.9 2851.3 1304.6 1230.8 =2.1
LL+I  4008B.7 11241.2 1393.9 185314.3 -3825.0 -41.8 &5.5
8 60.00 DL S01.2 944,55 3322.4 ~27.8
SbL 1744.9 2851.3 1304.6 882.9 =3.7
LL+I  4008.7 11241.2 1393.9 13766.5 =-4590.1 =49.9 66.5
9 64.00 DL 901.2 944.5 1884.7 =32.1
SoL 1744.9+« 26851.3 1304.6 688.3 =4.4
‘ LL+I  4008.7 11241.2 1393.9 12690.3 =-4894.1 -53.1 6&7.1
9 64.00 DL 673.2 799.5 1884.7 =32.1
SbL 1736.0 3143.1 1033.0 6688.3 -4.4
LL+I  3746.0 14013.6 1105.9 12690.3 -4896.1 =-53.1 &7.1
10 70.00 DL 673.2 799.5 -660.9 ~38.6
SbhL 815.1 1014.1 8B1.§5 337.1 -5.4
LL+I 815.1 1014.1 8B81.5 10709.9 -5355.1 -57.7 48.0
11 80.00 DL 473.2 799.5 =~5940.5 -49.4
SDL B81%5.1 1014.1 881,5 ~406.B =7.0
LL+1 815.1 1014.1 881.5 4&602.1 =-56120.1 =54.8 69.7
11 80.00 DL . 1523.8 1523.8 -5940.5 -49.4
SDL 1519.8  1884.8 1587.9 ~-404.8 ~7.0
LL+I  1519.8 1884.8 1887.9 4&602.1 =-6120.1 =64.8 69.7
12 90.00 DL 1523.8 1523.8 -12514.4 ~60.2
ShL 1519.8 1884.8 1587.9 ~1348.4 -8.7 |
LL+I  1519.8  1884.8 1587.9 2006.4 =~9041.5 -70.9 71.6
13 100.00 DL 1523.8 1523.8 -20388.7 -71.0
=11/ 1519.8 16884.8 1587.9 -2488.5 ’ -10.3
LL+I  1519.8 1884.8 1887.9 0.0 ~15300.2 =76.0 74.0

i
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#xxx FLEXURAL STRESS SUMMARY ###x

MOMENT CONDITION : POS. M = DL + SDL + POS. (LL+I)
NEG. M = DL + SDL + NEG. (LL+I)

FATIQUE STRESSES : .
Tf_act = Actual Fatique Stress Range of Tension Flange
Tf_all = Allowable Fatique Strass Range of Tension Flange
SR_act = Actual Fatique Stress Range of eithen Stiffener or Rebar
SR_all = Allowable Fatique Stress Range of eithen Stiffener or Rebar

*% ACTUAL STRESSES (ksi) *#% ALLOWABLE #%* FATIQUE #%
ANAL. (ft) MOM.  CONC./ Toe BATT. Fb~ten Fc-conc Ft-act SR-act
FT. DIST COND. -REBAR STL FLE STL FLG Fb-comp Ft-reb Ft-all SR-all

i 0.00 POS. M 0.0 0.0 -0.0 27.5 1.6 0.0 0.0
NEG. M 0.0 0.0 =0.0 =27.5 24.0 18.0 13.0

2 10.00 POS. M -2 -8.8 14.0 27.5 1.6 7.8 7.4
NEG. M 0.0 ~-B8.4 6.2 ~-27.5 24.0 18.0 13.0

3 16,00 POS. M =4 =12.6 20.4 27.5 1.6 11.6 t1.1
’ NEG. M 0.0 -12.0 8.8 =-27.5 24.0 18.0 13.0

3 16.00 POS. M =3 -12.0 13.2 27.5 1.6 7.4 7.1
NEG. M 0.0 -i1.1 S.6 =-27.5 24.0 18.0 13.0

4 20.00 POS. M -4 -13.9 15.5 27.5 1.6 91 8.5
NEG. M 0.0 -12.8 6.4 -27.5 24.0 18.0 13.0

§ 30.00 POS. M -9 =16.7 19.2 27.5 1.6 11.9  11.2
NEG. M 0.0 -15.2 7.3 =27.5 24.0 18.0 13.0

6 40.00 POS. M -3 -16.8 20.0 27.5 1.6 13.4 12,5
"NEG. ™ 0.0 -1S.0 6.7 =-27.S5 24.0 18.0 13.0

6 40.00 POS. M -9 =-16.6 20.0 27.5 1.6 13.4 12.5
NEG. M 0.0 -15.0 6.7 =27.5 24.0 18.0 13.0

7 S50.00 POS. M -5 -13.8 18.3 27.5 1.6 13.7  12.9
NEG. M 0.0 -12.1 4.6 ~27.5 24.0 18.0 13.0

8 40.00 POS. M -G ~-8.2 14.1 27.5 1.4 13.2  12.4
NEG. M 0.0 =6.5 -9 -27.5 24.0 18.0 13.0

9 64.00 POS. M =4 -S.1 11.6 27.5 1.6 12.6 11.8
NEG. M 0.0 3.6 -1.0 =27.5 24.0 18.0 13.0

9 64,00 POS. M -4+ -3.9 14.5 27.35 1.6 15.9 15.2
NEG. M 0.0 -2.7 -1.4 =27.5 24.0 18.0 13.0

10 70.00 POS. M 0.0 -3.9 11.7 27.5 1.6 18.2 0.0
NEG. M 6.2 3.9 -6.5 =24.3 24.0 18.0 20.0

13 80.00 POS. M 0.0 2.7 -4 27.5 1.6 14.4 0.0
NEG. M 8.0 15.3 -14.8 ~“24.3 24,0 18.0 20.0

11 BO.0O0 POS. M 0.0 b 0.0 27.5 1.6 8.0 0.0
NEG.. M 4.3 7.4 -8.0 ~24.3 24.0 18.0 20.0

12 90.00 POS. M 0.0 7.9 =-7.8 27.5 1.6 7.0 0.0
NEG. M 6.8 13.7 -14.8 -24,3 24.0 18.0 20.0

13 100.00 POS. M 0.0 14,7 -14.9 27.4 1.6 9.4 0.0
NEG. M 11.7 22,8 ~24.6 -27.4 24.0 18.0. 20.0
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*xxd SHEARING STRESS SUMMARY wa##x

SHEAR CONDITION : TOTAL V = V(dl) + V(sdl) + V(LL+D}

** SHEAR STRESS XN STIFFENER %% STUDS  *+
ANAL. (ft) (ksi) (ksi) (ksi) Tw-min (in*2) (in"4) REGD PROV .
PT. DIST fv-act Fv=all .&Fv Unstif do A_prov I-prov SPACE SPACE

1 0.0 7.0 16.7 10.0 .557 20.0 =-1.0 -1.0 13.0 18.0
2 10.0 S.4 13.7 8.2 <500 40.0 1.3 &.7 13.9 18.0
3 16.0 4.8 13.7 8.2 .462 40.0 1.3 &.7 14.4 18.0
3 16.0 4.8 12.5 7.5 862 S50.0 1.3 &.7 15.4 24.0
4 20.0 4.3 12.5 7.9 «435 50.0 1.3 6.7 15.4 24.0
S 30.0 2.9 12.9 7.5 + 360 50.0 1.3 6.7 15.9 24.0
6 40.0 2.4 12,5 7.5 $ 337 50.0 1.3 6.7 1S5.4 24.0
& 40.0 <~2.4 12.5 7.5 « 337 50.0 1.3 6.7 15.4 24.0
7 . 50.0 -3.9 12.S5 7.5 816 50.0 1.3 6.7 1S.3  24.0
8 6&0.0 =5.2 . 12.§5 7.5 .482 $0.0 1.3 6.7 15.0 24.0
9 6&3.0 =5.7 12.5 7.5 «50S 50.0 1.3 6.7 14.9 24.0
9 &34.0 -U.7 13.7 8.2 <505 40.0 1.3 6.7 14.6 24.0
10 '70.0 -4.5 13.7 8.2 .538 40.90 1.3 6.7 24.0 24.0
. i1 B80.0 -7.8 13.7 8.2 .588 40.0 1.3 6.7 24.0 24.0
& 11 80.0 -7.8 15.2 9.1 .988 30.0 1.3 &8.7 24.0 21.0
B 12 90.0 -8.9 15.2 9.1 .4631 30.0 1.3 6.7 24.0 21.0
13 100.0 -10.1 16.7 10.0 689 30.0 5.8 23.4 24.0 21.0
‘ NOTE! ~ @ bearing locations : A_prov = actual bearing stress

I_prov = allowable bearing stress

MIM. TOTAL NUMBER OF SHEAR STUDS REQUIRED = 141

STUD DATA : NUMBER OF STUDS PER ROW = 3
STUD DIAMETER = .87S
STUD HEIGHT = 4

.
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FE T3 296 33K DD 3 323 2 2

*

* __ GIRDER MEMBER # 2

#*

*
*
*

AR KA A I KR

SPAN LENGTH (ft)= 100.00

INFLECTION POINTS (ft)=

+##% CIRDER DESIGN PARAMETERS #x#

P DIST(Ft)
3 0.00
2 10.00
3 20.00
3 20.00
4 30.00
S 36.00
S 36.00
-] 40.00
7 50.00
8 60.00
8 60.00
9 70.00
10 80.00
11 84.00
11 84.00
12 70.00
13 100.00

DEFTH(in)
50.00
$0.00
50.00
S0.00
50.00
S50.00
$0.00
50.00
50.00
$0.00
S50.00
$0.00
50.00
§0.00
50.00
50.00
50.00

D/Tw
160.00
160.00
160.00
160.00
160.00
160.00
160,00
160.00
160.00
160.00
160.00
160.00
160.00
140.00
160,00

'160.00
'160.00

31.42

B/TF

?.14

9.14

?.14
18.29
18,29
13.71
24.00
24.00
24,00
24,00
24.00
24.00
24.00
24.00
24.00
24.00
24.00

100. 00

.

r
21.33
21.33
21.33
21.33
21.33
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00
12.00

Lb
20.00
20.00
20.00
20.00
20.00

0.00

0.00°

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

do
30,00
30.00
30.00
40,00
40.00
40.00
$0.00
50.00
50.00
$0.00
S50.00
50.00
S50.00
§0.00
40.00
40.00
20.00

276

A_cstl
S5.40
S.40
5.40
S.40
S.40
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
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###+ SECTION PROPERTIES, MOMENTS, AND SHEARS ###+

*% SECTION MODUII (in~3) #%%  MOMENTS *%% SHEARS (K)#»

ANAL.. (ft) LOAD TOP BOTT. {in=-K) (LL+I)
PT. DIST  COND. CONC. STEEL  STEEL MAX MIM MAX  RANGE

1 0.00 DL 1523.8 1523.8 -20388.7 71.0
SsoL 1519.8 1884.8 1587.9 -2488.5 . . 10.3

LL+I  1519.8 1884.8 1587.9 0.0 -15300.2 76.0 76,0
2 10.00 DL 1525.8 1523.8 -12516.4 60.2
SDL 1519.8 1884.8 1587.9 -1348.6 8.7

LL+X 1519.8 1884.8 1587.9 2006.4 -9041.5 . 70.9 71.6
3 20.00 DL 1523.8 1523.8 =5940.5 49.4
sbL 1519.8 1884.8 1587.9 -4064.8 7.0

LL+I  1519.8 1684.8 1587.9 6602.1 =6120.1 &4.8 &9.7
3 20.00 DL 673.2  799.5 -5940.S5 49.4
soL 815.1 1014.1 881.5 -406.8 7.0

LL+] 815.1 1014.1 881.5 6602.1 -6120.1 64.8 6&9.7
4 30.00 DL 673.2 799.5 -660.9 : 3B.6
SDL 815.1 1014.: 881.5 337.1 S.4

LL+I 815.1 1014,1 881.5 10709.9 =-S35S.1 57.7 6&8.0
S 36.00 DL 673.2 799.5 1884.7 32.1
SsDL 1736.0 3143.1 1033.0 . 488.3 4.4

LL+I  3746.0 14013.6 110S5.9 12690.3 -4894.1 S3.1 67.1
S 36.00 DL S01.2 944.5 1884.7 32.1
SDL 1744.9 2851.3 1304.6 688.3 . 4.4

G . LL+I  4008.7 11241.2 1393.9 12690.3 =-4896.1 S3.1 &7.1
fﬁﬁ . 6 40.00° DL 501.2 944.5 3322.4 27.8
- SoL 1744.9 2851.3 1304.6 882.9 3.7

LL+I  4008.7 11241.2 1393.9 13746.5 -4590.1 49.9 64,5
7 §0.00 DL S01.2 944.5 46009.4 17.0
SDL 1744,9 26851.3 1304.6 1230.8 2.1

LL+I  4008.7 1$1241.2 1393.9 15314.3 -3825.0 41.8 &5.5
8 &0.00 DL S01.2 944.5 7400.2 T6.2
SDL 1744,9 2851.3 1304.6 1380.6 -4

LL+I  4008.7 11241.2 1393.9 15551.8 =3060.0 ° 33.4 &4.9
8 60.00 DL 501.2 944.5 7400.2 6.2
SbL 1744, 2851.3 1304.6 1380.6 . .4

LL+I  4008.7 11241.2 1393.9 15551.8 <-3060.0 33.4 44,9
9 70.00 DL -901.2 944.5 7494.6 -4.6
soL 1744.9 2851.3 1304.6  1332.S -1.2

LL+I  4008.7 11241.2 1393.9 14314.8 -2295.0 -39.7 &4.4
10 80.00 DL S01.2 944.S5 6292.7 -15.4
SDhL 1744.9 2851.3 1304.6 1086.3 -2.9

LL+I  4008.7 11241.2 1393.9 11142,2 =-1530.0 -48.2 &4.8
11 84.00 DL 501.2 944.5 5449.0 ~19.7
SshL 1744.9 2851.3 1304.6 932.4 <3.5

LL+I  4008.7 11241.2 1393.9 9304.7 =-1224.0 =51.&6 &S.1
11 84.00 DL 462.6 604.2 S5449.0 -19.7
soL 1552,7 2964.2 845.5 ?32.4 ~3.5

LL+I  3432.6 17568.8 905.9 9304.7 =1224.0 =~51.6 65.1
12 90.00 DL 462.6 604,2 3794.5 =~26.2
solL 1592.7 2966.2 845.5 642.2 ~4.5

LL+I  3432,6 17568.8 905.9 6279.0 ~745.0 -56.8 67.2
13 100.00 DL 462.6 604.2 =0.0 ~37.0
’ SoL 1952.7 2966.2 843,5 -0.0 =6.2

LL+I  3432.6 17368.8 905.9 - 0.0 0.0 =~65.7 72.1
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wtxxx FLEXURAL STRESS SUMMARY *#x

MOMENT CONDITION : FOS. M
NEG. M

‘DL + SDL + POS. (LL+I)
DL + SDL + NEG. (LL+I)

FATIQUE STRESSES : .
Tf_act = Actual Fatique Stress Range of Tension Flange
Tf_all = Allowable Fatique Stress Range of Tension Flange
SR_act = Actual Fatique Stress Range of eithen Stiffener or Rebar
SR_all = Allowable Fatique Stress Range of eithen Stiffener or Rebar

*% ACTUAL STRESSES (ksi) #%%  ALLOWABLE ##x% FATIQUE *+
ANAL.  (ft) MOM.  CONC./ TOP BOTT. Fb~-ten Fc-conc Ft-act SR-act
#T. DIST COND. ~REBAR STL FLE STL FLG  Fb-comp Ft-reb Ft-all SR-all

1 0.00 POS. M 0.0 14.7 -14.9 27.4 1.6 9.6 0.0
NEG. M 11.7 22.8 --24.6 -27.4 24.0 18.0 20.0

2 10.00 POS. M 0.0 7.9 ~7.8 27.S 1.6 7.0 0.0
. NEG. M 6.8 13.7 -14.8 ~24.3 24,0 18.0 20.0

3 20.00 POS. M 0.0 b 0.0 27.5 1.6 8.0 0.0
’ NEG. M 4.3 7.4 -8.0 -24.3 24.0 18.0 20.0

3 20.00 POS. M 0.0 2.7 -.4 27.5 1.6 14.4 0.0
NEG. M 8.0 15.3 -14.8 -24.3 24.0 18.0 20.0

4 30.00 POS. M 0.0 -9.9 11.7 27.9 1.6 18.2 0.0
ey NEG. M 6.2 5.9 ~6.5 ~24.3 24,0 18.0 20.0
- S 36.00 POS. M -.4 =3.9 14.5 27.S 1.6 18.9 18.2
NEG. M 0.0 -2.7 -1.4 -27.5 24.0 18.0 13.0

S 36.00 POS. M -4 ~S.1 11.6 27.5 1.6 12.6 11.8
NEG. M 0.0 =3.6 -1.0 =-27.5 24.0 18.0 13.0

6  40.00 POS. M -5 ~8.2 14.1 27.5 1.6 13.2  12.4
NEG. M 0.0 ~6.3 .9 -27.5 24.0 18.0 13.0

7 S0.00 POS. M -3 =-13.8 18.3 27.5 « 1.6 13.7  12.9
NEG. M 0.0 -12,1 4.6 =27.5 24.0 18.0 13.0

8 60.00 POS. M =8 ~16.6 20.0 27.S 1.6 13.4 12.5
NEG. M 0.0 ~-15.0 6.7 -27.5 24.0 18.0 13.0

8 60.00 POS. M =5 -16.6 20.0 27.5 1.6 13.4 12,5
NEG. M 0.0 ~15.0 6.7 -27.5 24.0 18.0 13.0

9 70.00 POS. M =5 ~16.7 19.2 27.5 1.6 11.9  11.2
NEG. M 0.0 -15.2 7.3 -27.5 24.0 18.0 13.0

10 80.00 POS. M -4 ~13.9 15.5 27.5 1.6 9.1 8.5
NEG. M 0.0 -12.8 6.4 -27.35 24.0 18.0 13.0

11 84.00 POS. M -3 =~12.0 13.2 27.5 1.6 7.6 7.1
NEG. M 0.0 -11.1 S.6 -27.5 24.0 8.0 13.0

11 84.00 POS. M -4 =-12.6 20.4 27.5 1.6 11.6 11.1
" NEG. M 0.0 -12,0 8.8 -27.5 24.0 18.0 13.0

12 90.00 POS. M -2 -8.8 14.0 27.5 1.6 7.8 7.4
NEG. M 0.0 -8.4 6.2 ~27.5 24.0 18.0 13.0

13 100.00 POS. M 0.0 0.0 ~-0.0 27.5 1.6 0.0 0.0
NEG. M 0.0 0.0 =-0.0 -27.5 24.0 18.0 13.0
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###% SHEARING STRESS SUMMARY ##¥%#

SHEAR CONDITION : TOTAL V = V(dl) + V{(sdl) + V(LL+I} °

L SHEAR STRESS KHAH STIFFENER AR STUDS  #x
ANAL. (ft) (ksi) (ksi) (ksi) Tw-min (in*2) (in*4) ' REGD PROV
PT. DIST fv-act Fv-all .éFv Unstif do A_prov I-prov SPACE SFACE

1 0.0 10.1 16.7 10.0 669 30.0 15.8 23.¢ 24,0 21,0

2 10.0 8.9 15,2 9.1 631 30.0 1.3 6.7 24,0 21.0

3 20.0 7.8 15.2 2.1 .588 30.0 1.3 6.7 24,0  21.0

3 20.0 7.8 13.7 8.2 .588 40.0 1.3 6.7 24.0 24.0

4 30.0 6.5 13.7 8.2 938 40.0 1.3 6.7 24,0 24.0

S 360 S.7 13.7 8.2 - 305 40.0 1.3 6.7 14.6 24.0

S 340 S.7 12,5 7.5 Rl ] $0.0 1.3 6.7 14.9 24.0

& 40.0 S.2 12.5 7.5 .482 S0.0 1.3 6.7 13.0  24.0

7 50.0 3.9 12.5 7.5 .416 0.0 1.3 6.7 15.3 24.0

8 &0.0 2.6 12.5 7.5 337 S0.0 1.3 6.7 15.4 24.0

8 &0.0 2.6 12.5 7.5 «337 30.0 1.3 6.7 15.4  24.0

th 9 70,0 -2.9 12.5 7.5 «360 50.0 1.3 6.7 15.5  24.0
% . 10 '80.0 -4.3 12.5 7.5 <433 S50.0 1.3 6.7 15.4 24.0
i1 84.0 -4.8 12.5 7.5 <462 50.0 1.3 6.7 15.4 24.0

11 84.0 -4.8 13.7 8.2 <462 40.0 1.3 6.7 14.4 18.0

12 90.0 -S5.¢6 13.7 8.2 «S00 40.0 1.3 6.7 13.9 18.0

13 100.0 -7.0 16.7 10.0 <957 20.0 -1.0 -1.0 13.0 18.0

NOTE! = @ bearing locations : A_prov = actual bearing stress

1_prov = allowable bearing stress
MIM. TOTAL NUMBER OF SHEAR STUDS REQUIRED = 151
STUD DATA : NUMBER OF STUDS PER ROW = 3
STUD DIAMETER = .875
STUD HEIGHT = 4 -
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CERIDGE COST REFPORT

)

BRIDGE FILE NAME :LFD_2SPAN3
REPORT DATE :

##%% BRIDGE SYSTEM #*¥¥x

SPANL 5PAN2

RSV 9%

ROADHAY

BRIDGE PLAN

RORDWRY

_I.I
T 1 T 1

X-SECT

-t

#x%x%_COST SUMMARY %%

’

COST PER GIRDER (for entire bridge lenth) =% 18754.32
. NUMBER OF GIRDERS = 4

TOTAL WEIGHT OF SINGLE GIRDER (lbs) = 24730.80

COST OF ROADWAY (for entire bridge length) =% 69720.12

TOTAL WEIGHT OF SLAB REBAR (1bs) =  49037.89

TOTAL BRIDGE SUPERSTRUCTURE COST =& 132737.40
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GERIDGE STRESS REFORT

BRIDGE FILE NAME :LFD_2SPANS
REPORT DATE : °

s»##% GIRDER TYPE/ BRIDGE GEOMETRY #*##%

GIRDER TYPE ¢eveeescesvessssnnsnssst COMPOSITE GIRDER - for (+)%(~) MOM.
" GIRDER LOCATION snsevevesscacasasst INTERIOR GIRDER

LENGTH TO SYMM. (ft) (O=Unsymm.)..: 100

NUMBER OF SPANS ecivvenncanascansed 2

NUMBER OF GIRDERS.seencesccancneees 4

GIRDERS SPACING (ft)eceeenssraneesd .20

TRAFFIC ROADWAY WIDTH (ft)eesss...: 28

TOTAL ROADWAY WIDTH (ftleeavecewsss 30

TOTAL. ROADWAY SLAB THCK'S {(in)....: 8

ROADWAY HAUNCH (indecacecncncnneces 2,375

AREA OF CONC. RE-BAR (in*2)¢.ees.e: 5.4

#xx% MATERIAL PROPERTIES #¥#%%

MODULUS OF ELASTICTY (ksidiveeeeees 29000
YIELD STRENGTH OF STL (kSi)eceevsost 50O
ULTIMATE STL STRENGTH (kSideeeesoat 65
CONC. COMP. STRENGTH (F'C-kside...: 4
MODULAR RATIO (ES/EC)ecececrsceseet B
RE-BAR YIELD STRENGTH..cvereveaeest 60

#xxx DESIGN LOADS/ AASHTO DESIGN METHOD w#%#%

LOADING TYPE ccasessocccnssnnscessss HS20-44 TRUCK LOAD
LOADING DIRECTION .ecevevosncscesoss BOTH DIRECTIONS
VARAIBLE AXLE SPACINGecessesaceace? 14

DEAD LOAD INCREASE FACTOR cecsvases 1

SUPERIMPOSED DEAD LOAD (K/ft) ...t 165

FATIQUE STRESS CYCLES cecvacevssasd 2,000,000

AASHTO DESIGN METHOD eececseasseso: LOAD FACTOR DESIGN (LFD)

IMPACT FACTORS: SPAN POS 1 NEG [
1 1.222

1.222
2 1.222
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0y

#x#%_REACTION SUMMARY ###%

JOINT FIXITY:s ( X=FIXED, O=FREE )

JT. NuM X-DIR Y-DIR Z-DIR o
1 X X 0
2 0 X 0
3 0 X 0

VERTICAL REACTION COMPONENTS ( Y-DIRECTION VALUES )

¢ LL+I ) TOTAL (Kips)

JT. NUM  ==DL=— =—-SDL-- —=-MIN-=~MAX-- ==MIN--=MAX~-
1 38.31  6.46 -5.96 &5.75 38.81 110.52
2 139.12 20.75  0.00 139.03 159.87 298.91
3 38.31  6.46 -5.96 &5.75 38.81 110.52
#a%¥ MAX. DEFLECTIONS %%

GIRDER LOC. =~-DL-- -—SDL-- =-LL-- TOTAL

o 1 40.53  1.&7 .37 .76 2.81

’ 2  59.47 1,67 .37 .76 2.81

#xx% SPANS MATRIX (FAB. COMP. #°'S) #¥%¥

SPAN # SPAN LENGTH (ft) FC#l FC#2 FCHI FCH4
1 100.00 1 2 3 0
2 100.00 3 4 S 0

TOTAL NUMBER OF FAERICATED COMPONENTS = §
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*#%#% FABRICATED COMPONENT DATA s#¥#

FAB.

COMP.

NUMBER

283

1 = 1 16 THK. BOTT. FLG. ~SEG. 2 = 1.25
2 FAB. COMP. TYPE = 1 17 WID. BOTT. FLG. ~-SEG. 2 = 12
3 BEARING LENGTH (in) = 12 18 WEB THICKNESS ~SEG. 2 = .3125
4 SEG.-1 LENGTH (L1-ft) = 16 19 NUM., OF SIDES FOR STIFF., = 1 -
S SEG.-2 LENGTH (L2-ft) = 24 20 STIFFENER THICKNESS (in) = .3125
6 START DEPTH (in) = GO 21 STIFFENER WIDTH in) = 4
7 NEXT DEPTH tiny = S0 22 FIRST STIFF. SPACE (in) = 20
8 NEXT DEPTH (in) = 50 23 STIFF. SPA‘G SEG.~t (in) = 75
9 THK. TOP FLG. ' -SEG.1 = .5 24 STIFF. SPA’G SEG.~-2 (in) = 7§
10 WID. TOP FLG. -SEG.{ = 12 25 SHEAR STUD CODE =" 4
11 THK. BOTT. FLG. -SEG.1 = .§ 26 STUD SPA'6G  SEG.~1 (in) = 18
12 WID. BOTT. FLG. -SEG.1 = 12 27 STUD SPA’G SEG.~2 (in) = 24
13 WEB THICKNESS ~-SEG.1 = .3125 28 NUM. OF BEAR’G STIFF. = 1
14 THK. TOP FLG. -8EG.2 = .9 29 BEAR’G STIFF. THK. (in) =. .78
15 WID. TOP FLG. -SEG.2 = 12 30 BEAR‘'G STIFF. WID. (in) = §
L]
1 FAB. COMP. NUMBER = 2 16 THK., BOTT. FLG. -SEG. 2 = 1.25
2 FAB. COMP. TYPE = 2 17 WID. BOTT. FLG. -SEG. 2 = 12
3 BEARING LENGTH (in) = 0 18 WEB THICKNESS -8EG. 2 = .3125
4 SEG.-1 LENGTH (Li-ft) = 24 19 NUM. OF SIDES FOR STIFF. = 1
4 S SEG.-2 LENGTH (L2-ft) = 16 20 STIFFENER THICKNESS (in) = .3123
R & START DEPTH tin) = 50 21 STIFFENER WIDTH in) = 4
7 NEXT DEPTH (in) = S0 22 FIRST STIFF. SPACE (in) = 0
8 NEXT DEPTH (in) = &0 23 STIFF. SPA’G SEG.-1 (in) = 75.
9 THK. TOP FL6B. =8EG.1 = .5 24 STIFF. SPA‘G SEG.=-2 (in) = 75
10 WID. TOP FLG. =8EG.1 = 12 25 SHEAR STUD CODE = 4
11 THK. BOTT. FLG. -SEG.1 ‘= 1.25 26 STUD SPA’G SEG.-1 (in) = 24
12 WID. BOTT. FLG. -SEG.1 = 12 27 STUD SPA‘6 SEG.-2 (in) = 24
13 WEB THICKNESS =SEG.1 = .3123 28 NUM. OF BEAR’'G STIFF. = 0
14 THK. TOP FLB. =SEG.2 = .5 29 BEAR'G STIFF. THK. (in) = 0
15 WID. TOP FL6. ~-8EG.2 = 12 30 BEAR’G STIFF. WID. (in) = 0
1 FAB. COMP. NUMBER = 3 16 THK. BOTT. FLG. ~8EG. 2 = 0
2 FAB. COMP. TYPE 2 3 17 WID. BOTT. FLG. -SEG. 2 = O
3 BEARING LENGTH (in) = 12 18 WEB THICKNESS ~SEG. 2 = 0
4 SEG.~1 LENGTH (Li-ft) = 20 19 NUM. OF SIDES FOR STIFF. = 1
S SEG.-2 LENGTH (L2-ft) = 0 20 STIFFENER THICKNESS (in) = .3125
& START DEPTH (in) = S0 21 STIFFENER WIDTH (in) = 4
7 NEXT DEPTH {in) = S0 22 FIRST STIFF. SPACE (in) = 0
8 NEXT DEPTH (in) = S0 25 STIFF. SPA°’G SEG.-1 (in) = 40
9 THK. TOP FL6. -SEB.1 = 1.26 24 STIFF. SPA’G SEG.-2 (in) = 0
10 WID. TOP FilG. -SEG.1 = 14 . 25 SHEAR STUD CODE = 4
11 THK. BOTT. FLG. -SEG.1 = 1,375 26 STUD SPA‘G SEG.~1 (im) = 21
12 WID. BOTT. FLG. -SEG.1 = 14 27 STUD SPA‘G  SEG.-2 (in) = 0
13 WEB THICKNESS -8EG.1 = .375 28 NUM. OF BEAR’G STIFF. = 1
14 THK. TOP FLG. ~SEG.2 = © 29 BEAR’G STIFF. THK. (in) = 1
15 WID. TOP FLGB. ~SEG.2 = 0 . 30 BEAR’G STIFF. WID. (in) = 7
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i

{ FAB. COMP. NUMBER = 4 16 THK. BOTT. FLG. -SEG. 2 = 1.25
2 FAB. COMP. TYPE = 2 17 WID. BOTY. FLG. -SEG. 2 = 12
3 BEARING LENGTH tin) = 0 18 WEB THICKNESS -SEG. 2 = .3125
4 SEG.-1 LENGTH (Li-ft) = 16 19 NUM., OF SIDES FOR STIFF. = 1
S SEG.-2 LENGTH (L2-ft) = 24 20 STIFFENER THICKNESS (in) = .312§5
& START DEPTH (in) = 80 21 STIFFENER WIDTH an) = 4
7 NEXT DEPTH (in) = 30 22 FIRST STIFF. SPACE (in) = O
8 NEXT DEPTH (in}) = S0 23 STIFF. SPA‘G SEG.~-1 (in) = 73
9 THK. TOP FLB. ~SEG.1 = .§ 24 STIFF. SPA'G SEG.-2 (in) = 75
10 WID. TOP FLG. ~SEG.1 = 12 25 SHEAR STUD CODE = 4
11 THK. BOTT. FLG. -SEG.1 = 1.25 26 STUD SPA'G  SEG.-1 (in) = 24
12 WID. BOTT. FLG. -SEG.1 = 12 27 STUD SPA'G SEG.-2 (in) = 24
13 WEB THICKNESS -SEG.f = .3125 28 NUM. OF BEAR’G STIFF. = 0
14 THK. TOP FLG. =SEG.2 = .3 29 BEAR'G STIFF. THK. (in).= O
15 WID. TOP FLG. ~-SEG.2 = 12 30 BEAR'G STIFF. WID. (in) = O
1 FAB. COMP. NUMBER = 3 16 THK. BOTT. FLG. -SEG. 2 = 1.25
2 FAB. COMP. TYPE = 1 17 WID. BOTT. FLG. -SEG. 2 = 12
3 BEARING LENGTH {in) = 12 18 WER THICKNESS -SEG. 2 = .3125
@ 4 SEG.=1 LENGTH (Li=-ft) = 1& 19 NUM. OF SIDES FOR STIFF. = 1
& 5 SEG.-2 LENGTH (L2-ft) = 24 20 STIFFENER THICKNESS (in) = .3125
& START DEPTH (in) = 50 21 STIFFENER WIDTH (in) = 4
7 NEXT DEPTH {in) = 80 22 FIRST STIFF. SPACE (in) = 20
8 NEXT DEPTH {in}) = 50 23 STIFF. SPA’G SEG.-1 (in) = 73
9 THK. TOP FLG. -SEG.1 = .S 24 STIFF. SPA°'G SEG.-2 (in) = 75
10 WID. TOP FLG. -SEG.1 = 12 25 SHEAR STUD CODE = 4
i1 THK. BOTT. FLG. -SEG.1 = .S 26 STUD SPA’G  SEG.-1 (in) = - 1B
12 WID. BOTT. FLG. ~SEG.1 = 12 27 STUD SPA°G  SEG.-2 (in) = 24
13 WEB THICKNESS =~SEB.1 = .312% 28 NUM. OF BEAR’'G STIFF. = 1
14 THK. TOP FLG. =SEG.2 = .S 29 BEAR‘G STIFF. THK. (im) = .75
1S WID. TOP FLG. =-SEG.2 = 12 © 30 BEAR'G STIFF. WID. (imn) = &
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*

* __ GIRDER MEMBER # 1

*

*
#*
*

WA K A KRN

SPAN LENGTH (ft)= 100.00
INFLECTION POINTS (ft)=

#%x% GIRDER DESIGN PARAMETERS ¥

P DIST(ft)
1 0.00
2 10.00
3 16.00
3 16.00
4. 20.00
S 30.00
-] 40.00
) 40.00
7 S0.00
8 60.00
9 64.00
k4 44.00
10 70.00
11 80.00
11 80.00
12 90.00
13 100.00

Krﬁ
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DEPTH(in)
50.00
$0.00
$0.00
$0.00
50.00
$0.00
S50.00
$0.00
50.00
$50.00
$0.00
50.00
50.00
50.00
50.00
50.00
50.00

D/Tw
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160,00
160.00
160.00
150.00
160.00
160.00
133.33
133.33
133.33

0.00  70.42

b*/TF
11.69
11.69
11.49
11.69
11.69
11.469
11.469
11.69
11.69
11.69
11.49
11.69
11.469

4.48

4,95

4,95

4,95

Af/FyD
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

.01
«01
.01
.01

Lb
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

20.00
20.00
20.00
20.00

do
20.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00

75.00

75.00
75.00
75.00
75.00
40.00
40.00
40.00

285

A_cstl
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
S5.40
S.40
S.40
5.40
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*#x% FLEXURAL STRESS SUMMARY ####

MOMENT CONDITION : FOS. M =L DL + SDL + S/3#P0S. (LL+I)]
NEG. M = DL + SDL + S5/3#NEG. (LL+I)]

FATIQUE STRESSES :
Tf_act = Actual Fatique Stress Range of Tension Flange
Tf_all Allowable Fatique Stress Range of Tension Flange )
SR_act = Actual Fatique Stress Range of eithen Stiffener or Rebar
SR_all Allowable Fatique Stress Range of eithen Stiffener or Rebar

#% FACTORED STRESSES (ksi) #*#% ALLOWABLE ##% FATIQUE #»
ANAL. (ft) MaM. CONC. / TOP BOTT. Fb-ten Fc-conc Ft-act SR~act
PT.  DIST COND. ~REBAR STL FLGE STL FLE Fb-comp Ft-reb Ft-all SR-all

1 0.00 POS.

M -0.0 -0.0 0.0 0.0 3.4 0.0 0.0

NEG. M 0.0 0.0 0.0 ~50.0 40.0 18.0 13.0

2 10,00 POS. M =& =12.2 33.7 S50.0 3.4 10.6 10.2

NEG. M 0.0 ~11.9 10.7 ~30.0 60.0 18.0 13.0

3 16.00 POS. M -9 =~17.7 49.4 S0.0 S.4 18.9 16.3

’ NEG. M 0.0 ~17.1 15.1 -50.0 0.0 18.0 13.0

3 16,00 POS. M -7 ~16.8 28.0 0.0 3.4 9.1 8.6

NEG. M 0.0 ~15.1 8.3 -30.0 60.0 18.0 13,0

4 20.00 POS. M -8 =19.5 33.4 50.0 3.4 11.0 10.4

s NEG. M 0.0 ~17.4 9.4 -30.0 60,0 18.0 13.0
@ . S 30.00 POS. M =-1.1 =23.6 41.7 S0.0 3.4 14.4 13.6
& NEG. M- 0.0 =~20.9 10.5 ~30.0 &60.0 18.0 13.0
6 40,00 POS. M -1.2 =24.0 44.3 90.0 3.4 16.1 18.3

NEG. M 0.0 =~20.9 9.3 ~30.0 60.0 18.0 13.0

& 40.00 POS. M =1.2° =-24.0 44.3 S0.0 3.4 16.1 18.3

NEG. M 0.0 ~-20.9 9.3 -30.0 60.0 18.0 13.0

7 90.00 POS. M =1.2. ~20.S5 41.7 50.0 3.4 16.6 19.7

NEG. M 0.0 =~17.4 S.7 -50.0 60,0 18.0 13.0

8 60.00 POS. M =1.0 =~13.4 34.3 50.0 3.4 15.9 1S8.1

: NEG. M 0.0 ~10.4 -3 ~30.0 460.0 18.0 13.0

9 64,00 POS. M ~1.0 -9.5 29.8 S0.0 3.4 15.3  14.S

. NEG. M 0.0 =b.6 =3.3 =50.0 60,0 18.0 13.0
9 &64.00 POS. M -1.0 » -9.5 29.8 $0.0 3.4 15.3 14.5

NEG. M 0.0 =6.6 =3.3 -30.0 60.0 18.0 13.0

10 70.00 POS. M -.8 -2.6 21.7 49.6 3.4 14,0 13.2

NEG. M 0.0 -1 ~8.6 -49.6 60,0 18.0 13.0

i1 80.00 POS. M 0.0 -4.8 8.2 46.2 3.4 14.1 0.0

NEG. M 19.0 28.6 -22.4 -46.2 60,0 18.0 20.0

11 80.00 POS. M 0.0 ~4.S 6.7 90.0 3.4 10.8 0.0

NEG. M 11.5 15.3 -16.6 =-30.0 60.0 18.0 20.0

12 90,00 POS. M 0.0 11.7 -10.5 50.0 3.4 8.9 0.0

NEG. M 17.4 28.0 -29.7 ~30.0 60.0 18.0 20.0

13 100.00 POS, H 0.0 25.7 -24.8 S0.0 3.4 12.2 0.0

NEG. M  30.6 48.1 ©  ~81.2 -50.0 60.0 18.0 20.0
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wxkx SHEARING STRESS SUMMARY ####

.

SHEAR CONDITION : TOTAL V = ¥(dl) + V(sdl) + V(LL+I) -
3

*e SHEAR STRESS ¥RHHH® STIFFENER *%%%x STUDS  ##

ANAL. (ft) (ksi) (ksi) (ksi) Tw-min (in*2) (in”™4) . REGD FROV

PT. DIST fv-act Fv=-all .&Fv Unstif do A_prov I-prov SPACE SFACE

1- 0.0 7.0 16,7 10,0 .998 20,0 ?.3 23.2 12.2 18,0

2 10.0 S.7 10.2 6.1 .502 75.0 1.3 6.7 13.1 18.0

3 16.0 4.8 10.2 b.1 445 75.0 1.3 6.7 13.% 18.0

3 14.0 4.8 10.2 6.1 465 75.0 1.3 6.7 1S.0 24.0

4 20.0 4.3 10.2 6.1 . 438 75.0 1.3 6.7 15.1 24,0

S 30.0 3.0 10.2 b.1 « 365 75.0 1.3 6.7 15.2 24.0

6 40.0 =-2.4 10.2 6.1 «329 7.0 1.3 6.7 15.1  24.0

6 40.0 <-2.4 10.2 6.1 «329 75.0 1.3 6.7 15.1 24,0

7 9S0.0 -3.8 10.2 6.1 .409 75.0 1.3 6.7 14.9 24,0

8 60.0 -5.t 10.2 6.1 .474 75.0 1.3 6.7 14.7 24.0

9 &4.0 =5.4 10.2 &6.1 .498 75.0 1.3 6.7 14.6 24,0

? 64.0 ~5.46 10.2 6.1 .498 75.0 1.3 6.7 14.6 24.0

@ 10 70.0 =6.3 10.2 6.1 <531 75.0 1.3 6.7 14.4 24.0
b 11 80.0 =7.46 10.2 6.1 980 75.0 1.3 6.7 24.0 24.0
1t  80.0 =-46.3 14.7 8.8 «330 40.0 1.3 6.7 24.0 21.0

12 90,0 -7.3 14.7 8.8 .570 40.0 1.3 6.7 24.0 21.0

13 100.0 -8.2 16.7 10.0 . 605 40.0 16.5 23.4 23.0 21.0

NOTE! - @ bearing locations : A_prov = actual bearing stress
I_prov = allowable bearing stress

MIM. TOTAL NUMBER OF SHEAR STUDS REQUIRED = 126

STUD DATA : NUMBER OF STUDS PER ROW = 3
STUD DIAMETER = .875
STUD HEIGHT = 4
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AN HN AW NN NN K

* *
* _ GIRDER MEMBER & 2 *
* *

A A FCI I K233 B3PI AT I

SPAN LENGTH (ft)= 100.00
INFLECTION POINTS (ft)= 29,58 100.00

##%% GIRDER DESIGN PARAMETERS ##¥#

AP DIST(f1) DEPTH(in) D/Tw b’ /TF Af/FyD Lb do A_cstl

1 0.00 S50.00 133.33 4.95 <01 20.00 40.00 S.40

2 10.00 S$0.00 133.33 4.95 01 20.00 40.00 S.40

3 20.00 . S0.00 133.33 4.95 W01 20.00 40.00 9.40

3 20.00 $0.00 160.00 4.48 01 20.00 75.00 S.40

4 30.00 50.00 160.00 11.469 0.00 0.00 75.00 0.00

S 36,00 $0.00 160.00 11.469 0.00 0.00 75.00 0.00

S 34,00 S50.00 160.00 11.69 0.00 0.00 75.00 0.00

é 40.00 50.00 160.00 11.49 0. 00 0.00 75.00 0.00

8 7 S50.00 $0.00 160.00 11.69 9.00 0.00 75.00 0.00
ﬁ : 8 60.00 S0.00 160.00 11.69 0.00 0.00 75.00 0.00
8 60.00 S50.00 160.00 11.69 0.00 0.00 75.00 0.00

9 70.00 §0.00 160.00 11.69 0.00 0.00 75.00 0.00

10 80.00 S0.00 160.00 11.6%9 0.00 0.00 75.00 Q.00

1 84.00 50.00 160.00 11.69 0.00 0.00 75.00 0.00

11 84.00 50.00 160.00 11.69 0.00 0.00 75.00 0.00

12 %0.00 S0.00 160.00 11.69 0,00 0.00 75.00 0.00

13 100.00 S50.00 '160.00 11.69 0. 00 0.00  20.00 0.00

3
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#4440 _SECTION PROPERTIES, MOMENTS, AND SHEARS ###%

%% SECTION MODUII (in"3) *x%  MOMENTS *%% SHEARS (1)«

ANAL.  (ft)  LDAD TOP BOTT. (in=K) (LL+1)
PT. DIST  COND. CONC. STEEL  STEEL MAX MIM MAX  RANGE
1 0.00 DL 1036.4 1098.7 ~-18750.5 68.5
SDL 11125  1383.0 1173.7 =2350.5 * 10.2
LL+I 1112, 1383.0 1173.7 0.0 -14296.3 75.5 75.5
2 10.00 DL 1036.4 1098.7 -11164.6 57.9
ShL 1112.5 1383.0 1173.7 =1224.4, 8.6
LL+I  1112,5 1383.0 1173.7 2217.1 -8216.9 * 70.2 71.0
3 20.00 DL 1036.4 1098.7 =-4847.7 47.4
ShL 1112.5  1383.0 1173.7 -296.4 6.9
LL+I  1112.5 1383.0 1173.7 6929.1 =5718.5 44.0 6&9.1
3 20.00 DL 485.0 776.8 -4847.7 47.4
SbL 873.6 820.2 895.4 -296.4 6.9
LL+I 673.6 820,2 B895.4 6929.1 ~5718.5 &64.0 &9.1
4 30,00 DL 485.0 776.8 200.1 36.8
sbL. 1663.1 2892.9 1076.0 433.7 5.3
LL+I  3758.5 13079.8 1150.3 11067.0 =-S5003.7 56.8 &7.4
S  36.00 DL 485.0 776.8 2619.6 30.4
ShL. 1663.1  2892.9 1076.0 776.6 4.3
LL+l  3758.5 13079.8 1150.3 13011.5 -4574.8 S52.3 &4.6
5 36.00 DL 485.0 776.8 2619.6 30.4
ShL 1663.1  2892.9 1076.0 776.6 4.3
Vo LL+I  3758.5 13079.8 1150.3 13011.5 -4574.8 52.3 66.6
@ 6 40.00 DL 485.0 776.8 3978.7 26.2
SDL 1663.1  2892.9 1076.0 965.7 3.6
LL+I 3758.5 13079.8 1150.3 14057.3 =-4288.9 49.1 &6.1
7 50.00 DL 485.0 776.8 &488.3 15.6
SDL 1663.1  2892,9 1076.0 1299.8 2.0
LL+I  3758.5 13079.8 1150.3 15524.3 ~-3574.1 41.1 &5.2
a 450.00 DL 485.0 774.8 7728.8 5.0
SDL 1663.1  2892.9 1076.0 1435.8 .3
LL+I  3758.S 13079.8 1150.3 15717.5 -2859.3 32.7 &4.6
8 450.00 DL. 485.0 776.8 7728.8 5.0
SDL. 1663.1¢ 2892.9 1076.0 1435.8 .3
L+l  3758.5 13079.8 1150.3 15717.5 =2859.3 32.7 &4.6
9 70.00 DL 485.0 776.8 7700.3 -5.5
SDL 1663.1  2892.9 1076.0 1373.9 -1.3

LL+l  3758.5 13079.8 1150.3 14412.1 =-2144.4 -30.0 6&4.1

10 80.00 DL 485.0 776.8 6402.6 ~16.1

soL 1663.1 2892.9 1076.0 1113.9 ~3.0

LL+I 3788.5 13079.8 11S0.3 11188.2 -1429.&4 ~-48.4 64.b6
11 84.00 DL 485.0 776.8 S528.2 =-20.3

SDhL 1663.1 2892.9 1076.0 954.5 - =37

LL+I 3788.5 13079.8 1150.3 9335.4 -1143.7 -51.8 64.8
11 84.00 DL 427.7 427.7 5528.2 =20.3

SDL - 1392.8 3114.5 613.5 954.5 =3.7

LL+1  2986.1 44419.7 660.9 9335.4 -1143.7 -=51.8 64.8
12 90.00 DL 427.7 827.7 3835.8 -26.7

SbL 1392.8 3114.5 5613.5 656.0 -4.6

LL+I  2986.1 44419.7 &40.%9 6292.8 ~714.8 =57.0 &64.9
13 100.00 DL 427.7 427.7 -0.0 =37.3

SbL 1392.8 3114.5 613.5 -0.0 -6.3

LL+]l 2986.1 44419.7 660.9 0.0 0.0 =~65.8 71.7
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#aa# FLEXURAL STRESS SUMMARY ##%#

MOMENT CONDITION :

POS. M
NEG. M

DL + S/3%FOS. (LL+I) )

DL + S
DL + SDL + S/3%NEG. (LL+1)]

=C
=t

FATIQUE STRESSES :

Tf_act = Actual Fatique Stress Range of Tension Flange
Tf_all = Allowable Fatique Stress Range of Tension Flange .
SR_act = Actual Fatique Stress Range of eithen Stiffener or Rebar
SR_all = Allowable Fatique Stress Range of eithen Stiffener or Rebar
** FACTORED STRESSES (ksi) *%% ALLOWABLE ##% FATIQUE #«
ANAL.  (Fft) MOM.  CONC./ TOP BOTT. ' Fb-ten Fc-conc Ft-act SR-act
PT. DIST COND. ~-REBAR STL FLG STL FLG Fb-comp Ft-reb Ft-all SR-all
1 0.00 POS. M 0.0 25.7 ~24.8 S0.0 3.4 12,2 0.0
NEG. M  30.6 48,1 -51.2 -50.0 60,0 18.0 20.0
2 10.00 POS. 0.0 11,7 =10.9 S0.0 3.4 8.9 0.0
NEG. M 17.4 28.0 -29.7 -50.0 60,0 18.0 20.0
3 20.00 POS. M 0.0 -4.5 6.7 80.0 3.4 10.8 0.0
NEG. M 11,5 15.3 -16.6 -50.0 40,0 18.0  20.0
3 20.00 POS. M 0.0 -4.8 8.2 46.2 3.4 14.¢ 0.0
NEG. M 19.0 28.6 -22.4 -44,2 60,0 18.0  20.0
4 30.00 POS. M -.8 ~2.6 21.7 49.6 3.4 14,0 " 13,2
NEG. M 0.0 ol -8.6 -49.6 60.0 18.0 13,0
% S 36.00 POS. M ~1,0 -9.5 29.8 S50.0 3.4 15.3  14.5
: NEG. M 0.0 ~b.b6 -3.3 =50.0 40.0 18.0 13.0
S 36.00 POS. M -1.0 ~9.5 29.8 S0.0 3.4 15.3  14.5
NEG. M 0.0 ~b. 4 =3.3 -50.0 &0.0 18.0 13,0
é& 40.00 POS. M =1.0 ~13.4 34.3 S0.0 3.4 15.9 1S.1
NEG. M 0.0 =-10.4 -3 =30.0 60.0 18.0 13.0
7 $0.00 POS. M ~1.2 =20.5 41,7 S50.0 3.4 16.6 15.7
NEG, M 0.0 ~-17.4 S.7 =30.0 0.0 18.0 13,0
8 60.00 POS. M ~-1,2 -24,0 44,3 50.0 3.4 16.1 15.3
NEG. M 0.0 =20.9 9.3 -50.0 0.0 18.0 13.0
8 60.00 POS. M =-1.2 =24.0 44,3 S0.0 3.4 16,1  15.3
NEG. M 0.0 =20.9 9.3 =30.0 &60.0 18.0 13.0
? 70.00 POS. M 1,1+ -23.4 41,7 S0.0 3.4 14.4 13.6
NEG. M 0.0 -20.9 10.5 -50.0 60.0 18.0 13.0
10 80.00 POS. M -.8 -19.5 33.1 S0.0 3.4 11.0  10.4
NEG. M 0.0 =-17.4 9.4 =50.0 0.0 18.0 13.0
11 84.00 POS. M =7 -16.8 28.0 S0.0 3.4 9.1 8.6
NEG. M 0.0 ~-15.1 8.3 -50.0 60.0 18.0 13.0
11  84.00 POS. M -9 =17.7 49.4 S0.0 3.4 15.9 5.3
. NEG. N 0.0 =~17.1 15.1 =50.0 60.0 18.0 13.0
12 90.00 POS. M =6 ~12,2 33.7 50.0 3.4 10.6 10,2
NEG. M 0.0 -11.9 10.7 =50.0 60,0 18.0 13.0
13 100.00 POS. N 0.0 0.0 -0.0 S0.0 3.4 0.0 0.0
NEG., M 0.0 0.0 -0.0 -30.0 60.0 18.0 13.0
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*%%%x SHEARING STRESS SUMMARY ####%

SHEAR CONDITION : TOTAL V = V(dl) + V{(sdl) + V(LL+I)

it SHEAR STRESS FREKA STIFFENER *xxk% STUDS  #u
ANAL. (ft) (ksi) (ksi) (ksi) Tw-min (in*2) (in"~4) REGD FROV
PT. DIST +fv-act Fv-all .4Fv Unstif do A_prov I~prov SPACE SPACE
1 0.0 8.2 16.7  10.0 « 605 40.0 16.5 23.4 ' 24.0 21.0
2 10.0 7.3 14.7 8.8 .570 40.0 1.3 6.7 24.0  21.0
3 20.0 6.3 14.7 8.8 . 530 40.0 1.3 6.7 24.0 21.0
3 20.0 7.6 10.2 6.1 . 580 78.0 1.3 6.7 24.0 24,0
4 30.0 6.3 10.2 6.1 .531 75.0 1.3 6.7 14.4 24,0
S 36.0 S.6 10.2 6.1 .498 75.0 1.3 6.7 14.6 24.0
S 36.0 EN-) 10.2 6.1 .498 75.0 1.3 6.7 14.6 24.0
6 40,0 S.1 10.2 &.1 <474 75.0 1.3 6.7 14.7 24.0
7 950.0 3.8 10.2 6.1 <409 75.0 1.3 6.7 14.9 24,0
8 60.0 2.4. 10.2 6.1 .329 75.0 1.3 6.7 15.1 24.0
8 60.0 2.4 10.2 6.1 « 329 75.0 1.3 6.7 15.1 24,0
9 70.0 =3.0 10.2 6.1 . 365 75.0 1.3 6.7 15.2  24.0
10 80.0 -4.3 10.2 6.1 «438 75.0 1.3° 6.7 15.1 24,0
11 84.0 -4.8 10.2 b6.1 <465 75.0 1.3 6.7 15.0 24.0
11  84.0 -4.8 10.2 6.1 « 365 78.0 1.3 6.7 13.5 18.0
12 90.0 =8.7 10.2 6.1 .502 75.0 1.3 6.7 13.1  18.0
13 100.0 =-7.0 16.7 10.0 .938 20.0 9.3 23.2 12.2 18.0

NOTE! - @ bearing locations : A_prov = actual bearing stress
' I_prov = allowable bearing stress

MIM. TOTAL NUMBER OF SHEAR STUDS REQUIRED = 137

STUD DATA = NUMBER OF STUDS PER ROW = 3
STUD DIAMETER = .87S
STUD HEIGHT = 4
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