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Foreword

This manual provides technical guidance on using refined methods of analysis for design and evaluation of
highway bridges, to supplement the provisions and commentary of the AASHTO specifications. The
application of refined methods is needed when a bridge design falls outside of the limits for the approximate
methods in the AASHTO specifications or when refined methods can provide a more rigorous treatment to
appropriately account for unique details and/or behaviors. Refined methods can also be used to achieve a
more effective design or a more accurate load rating. To generate confidence, this manual includes seven case
study analysis examples and provides trusted results that can be used by software providers and engineers to
verify their modeling techniques.

The hard and competent work of Modjeski and Masters, Inc. in producing this manual is gratefully
acknowledged. In addition, the quality of the final product benefitted from key contributions of reviewers
including Brandon Chavel (National Steel Bridge Alliance), Duncan Paterson (HDR), Don White (Georgia
Tech Univ.), Toorak Zokaie (Caltrans), and Sue Hida (Caltrans).

Joseph L. Hartmann, Ph.D., P.E.
Director, Office of Bridges and Structures

Notice

This document is disseminated under the sponsorship of the U.S. Department of Transportation (USDQOT) in
the interest of information exchange under Task 2 of the FHWA Cooperative Agreement DTFH61-11-H-
00027. The U.S. Government assumes no liability for the use of the information contained in this document.

The U.S. Government does not endorse products or manufacturers. Trademarks or manufacturers’ names
appear in this report only because they are considered essential to the objective of the document. They are
included for informational purposes only and are not intended to reflect a preference, approval, or
endorsement of any one product or entity.

Quality Assurance Statement

The Federal Highway Administration (FHWA) provides high-quality information to serve Government,
industry, and the public in a manner that promotes public understanding. Standards and policies are used to
ensure and maximize the quality, objectivity, utility, and integrity of its information. FHWA periodically
reviews quality issues and adjusts its programs and processes to ensure continuous quality improvement.
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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO Sl UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0914 meters m
mi miles 1.61 kilometers km
) AREA "
in® square inches 645.2 square millimeters mm-®
ft* square feet 0.093 square meters B
yd? square yard 0.836 square meters m?
ac_ acres 0.405 hectares ha _
mi~ square miles 2.59 square kilometers km=
VOLUME
fl oz fluid ounces 29 57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m*
yd® cubic yards 0.765 cubic meters m*
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5(F-32)/9 Celsius °C
or (F-32)11.8
ILLUMINATION
fc foot-candles 10.76 lux [x
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibffin® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
) AREA "
mm~ square millimeters 0.0016 square inches in®
m- sguare meters 10.764 square feet ft™
m* sguare meters 1.195 square yards yd*©
ha hectares 247 acres ac_
km~ square kilometers 0.386 square miles mi®
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m* cubic meters 35.314 cubic feet ft®
m* cubic meters 1.307 cubic yards yd?®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
x lux . 0.0929 foot-candles fc
cd/m*® candela/m” 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in“
*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1. PREFACE
1.1 Background

Over the last few decades significant advances have occurred in the way that bridge engineering
analysis can be carried out. Engineering practitioners of today, with the aid of ever-advancing
computer technology, are able to solve engineering problems of great complexity, and produce
designs/evaluations which are more refined and more reliable than in the past. However, our
nation’s governing bridge design specifications and the profession as a whole have not yet fully
exploited the capabilities of this new generation of engineering design professionals and
analytical tools.

The generic term “refined analysis” is often used to describe a more detailed, sophisticated
structural modeling approach, which typically involves computerized finite element analysis
(FEA). The ability to perform FEA is within the skill set of most engineers today, and software
tools are widely available to most engineering firms. However, ““refined analysis™ is largely
undefined in the design specifications, and is employed loosely and sometimes ambiguously in
the specification provisions. In addition, there is limited guidance in the literature on the proper
application of such analytical techniques.

In 2009, an international technology scan entitled “Assuring Bridge Safety and Serviceability in
Europe” was sponsored by Federal Highway Administration (FHWA), American Association of
State Highway and Transportation Officials (AASHTO), and National Cooperative Highway
Research Program (NCHRP). The scan team determined that U.S. engineers need advanced
tools and protocols to better assess and assure safety and serviceability of bridges (Hida et al,
2010). The team recommended increased use of refined analysis for bridge design and
evaluation, and encouraged the use of refined analysis to avoid unnecessary posting,
rehabilitation, or replacement. Unfortunately, practical implementation of these
recommendations has been limited.

Many bridge engineers appear to favor a general philosophy of keeping analyses as simple as
possible to minimize errors or to remain true to the accepted, proven engineering practices, and
consequently have avoided embracing regular use of refined analysis methods. However, this
approach, while comfortable, comes at a cost to our nation and may not foster the most effective
use of limited resources. The current AASHTO LRFD Bridge Design Specifications feature a
reliability-based approach to bridge design, and include formulas for various aspects of load
distribution and limit state design with conservatism built in to envelope the limits of
applicability and consider all the relevant parameters. Conservatism always adds unnecessary
cost, which may have serious implications for owner-agencies with limited budgets.

At the same time, the perceived complexity of the AASHTO provisions encourages designers to
focus on developing and using complex automated calculation tools to execute the necessary
code checks rather than performing meaningful structural modeling to better understand behavior
and address the limit states that are being evaluated. This often hides the controlling factors and
hinders the development of new bridge innovations in general.

A properly and efficiently executed refined analysis can provide substantially better information
about the state of stress in a bridge and allow for more cost-effective and reliable design.



However, if approached improperly, a refined analysis can involve excessive engineering effort
and increased possibility for error. Refined analysis models are often more sensitive to the input
parameters and the mathematical assumptions which are employed by the software, and so must
be used with care. The engineer must understand the assumptions to ensure correct application.
Furthermore, the results of refined analyses can be misleading, making it all the more important
that the engineer verify the results by independent calculations. The complexity of the model
may make this difficult, so special procedures must be employed to verify accuracy.

The solution to these concerns is to provide standard modeling guidelines and benchmark
solutions to guide engineers and provide a consistent set of results for verification, which is the
main goal of this manual.

Note that in everyday usage, verify and validate have very similar meanings. However, when it
comes to refined analysis, they have different meanings. Verification refers to making sure the
analysis is performing correctly, that it is giving the correct results to the input given. Validation
refers to making sure that the input is correct, and the results reflect the behavior of the actual
structure being modeled.

This manual was developed to provide guidance to bridge engineers regarding the use of finite
elements as a refined analysis method for designing or evaluating typical concrete deck slab on
girder highway bridges. Complex structure types, such as cable stayed, suspension, or arch
bridges are not specifically addressed. The AASHTO LRFD Bridge Design Specifications
(AASHTO LRFD) (AASHTO, 2014) allow for many different types of analysis, but generally
only provide detailed guidance on the application of approximate methods, such as distribution
factors for right straight multi-girder bridges, leaving the details of refined analysis up to the
bridge design engineer. When a structure falls outside the limits of applicability of an
approximate method, AASHTO LRFD essentially requires refined analysis without providing
much guidance as to how it should be carried out.

1.2 What is Refined Analysis?

Refined analysis often means different things. A definition of refined analysis is needed to
explain more clearly what this manual addresses. Perhaps a good way to define what something
is, is to start with what it is not. By noting where the AASHTO LRFD states “in lieu of a refined
analysis...,” an idea of what is not considered refined analysis can be developed. This would
include:

Line girder analysis using distribution factors

Single step moment magnification procedure for compression elements
Curved spine beam analyses

Strut and tie models of concrete elements

Strip method of deck analysis and design

Cross-sectional frame analysis for box girders

V-load for curved I-girder bridges

M/R method for curved bridges

Equations for effective flange width of composite decks



Having listed some of what refined analysis is not, a definition of what refined analysis might
include can begin to be constructed. A refined analysis might:

Account for shear lag in deck and planar elements

Account for the distortion of a cross-section

Explicitly model cross-frames

Explicitly model the deck as a plate (rather than a grid) in two dimensions
Distribute load to girder lines based on interconnecting stiffness

Assess capacity through the use of plastic hinges, such as by pushover analysis.

Refined analyses are more sophisticated, and when correctly applied, generally more accurate
than the current approximate methods contained in the AASHTO Specifications.

1.3  Why use a Refined Analysis?

In some cases refined analysis is required to complete the design according to AASHTO LRFD.
These are instances for which the specification approximate methods do not apply.
Furthermore, there are reasons why using a refined analysis might be advantageous, including
but not limited to:

e Capturing behavior not adequately accounted for by approximate methods and/or outside
the limits of the Specifications. Even within the limits of applicability, approximate
methods can give erroneous indications of a structure’s true behavior.

e Obtaining more accurate, and less conservative, demands for existing structures,
especially when approximate methods result in conservative demands which in turn
result in extensive repair or replacement of structures.

The potential payoff for widespread implementation of refined analysis in the bridge engineering
industry is considered broad, but difficult to quantify. This Manual promotes a fundamental
change in the practice of bridge engineering and attempts to move our industry past the use of
simplistic design specifications to achieve more optimal solutions. It can be said that if merely
one bridge is saved from replacement by the application of refined analysis in an evaluation, then
any additional engineering effort is justified. If only five percent material savings could be
realized in every new design across the nation, then potential savings in taxpayer money would
easily be in the tens of millions of dollars every year.

Practitioners indicate that refined analysis of most bridge structures can be done for only a small
premium over conventional, simplified techniques with currently available computer technology.
The practice of bridge engineering in the future is expected to take a more holistic approach,
where the design, fabrication, construction, inspection, and management will be much more
integrated by digital information exchange. Refined analysis is expected to become routine as
software vendors develop “translator” and “wizard” tools to communicate with database records
and generate detailed structural models for engineering analysis. This Manual is seen as an
essential component to defining proper criteria for software vendors to follow and for engineers
to demand from their tools.

Refined analysis in bridge engineering has the potential to provide the following benefits in the
engineering design and evaluation of our nation’s infrastructure:



Improved structural safety by more rigorous assessment of limit states

Increased economy by going beyond use of approximate, conservative design formulae
Increased safety and economy by accurate modeling of system or local behavior
Improved safety evaluation by full consideration of condition data such as section losses
or as-built geometry

e Increased sustainability by more frequent salvaging of existing infrastructure

e Accelerated innovation development as industry gains deeper understanding of bridge
behavior

Note that while a general theme of the reasons for refined analyses is greater design economy,
there are also cases where refined analysis does not result in savings, but an improved, more
uniform level of safety, by providing deeper insight into actual structural load paths. An
example would be where an element carries a greater percentage of total load than adjacent
similar elements, and designing them all for an average load would lead to a higher probability
of progressive failure.

1.4 Evolution of Structural Analysis Methods

Structural mechanics has its roots in the mid-nineteenth century. Over the next several decades
numerous “classical methods” of structural analysis were developed, including Castigliano’s 1%
and 2" theorems, slope-deflection, three moment equation, conjugate beam, moment area,
virtual work, moment distribution, and many others. In general, a linear analysis technique
needs to satisfy equilibrium, compatibility, and the stress-strain relationship of the component
material(s). Some classical methods solve specific geometrical problems, while others have
more general application.

Matrix algebra also has its roots in the same time period in the mid-nineteenth century. But it
wasn’t until about 1930 that the aerospace industry started to develop modern matrix methods of
structural analysis (Felippa, 2001). There are essentially two matrix analysis techniques, the
compatibility, or flexibility method, where the unknowns are forces, and the equilibrium, or
stiffness method, where the unknowns are displacements. For about the next 30 years matrix
methods were simply another tool for performing structural analyses, along with the numerous
classical methods, due to the limitations of the “human computers” and the calculating devices
such as the slide rule or mechanical calculators available to them. The required solution of
simultaneous equations, often by matrix inversion calculations for structures involving more than
a handful of members, quickly became unwieldy. The flexibility method, which required
selection of appropriate redundant force patterns, was embraced by the aerospace industry, as the
selection of redundants for the lattice skeleton of aircraft was well understood, resulting in
simpler solutions to the problems they faced.

In 1951, the first electronic commercial computers, the UNIVACL, were manufactured.
Although much too expensive for the average consultant design office, early computers
represented a gigantic leap forward in calculating power. Throughout the 1950s what were
eventually referred to as “mainframe” computers continued to be developed. In the late 50s, the
FORTRAN programming language was developed making it much easier to program the
computers to solve scientific and engineering problems. Then, in 1959, M. J. Turner, head of the
Structural Dynamics Unit at Boeing and an expert in aeroelasticity, presented the first paper on



the Direct Stiffness Method (DSM) (Felippa, 2001). R. W. Clough coined the term Finite
Element Method in a paper authored in 1960 (Clough, 1960) which eventually replaced DSM by
about 1965 as the terminology for the analysis method.

For the DSM, element stiffness matrices are generated in local reference systems, then
transformed to a global reference system and directly assembled together to create the overall
structure stiffness matrix. The assembly method is insensitive to element type and works no
matter how many nodes comprise an element. This allows the programs to easily accommodate
essentially unlimited additions of new types of elements as they are developed. The analysis
method is linear elastic and small deflection, since the matrices are assembled based on initial
geometry and elastic properties and remain unchanged throughout the analysis, but nonlinear
problems could be solved iteratively using a series of linear steps by revising the stiffness matrix
at the beginning of each step.

The DSM was perfectly suited for solving general boundary value problems using digital
computers. But general purpose direct stiffness finite element programs did not develop
overnight. Even though computers were becoming more powerful and were being acquired by
more design offices, early computerization consisted mainly of custom automating the classical
methods that were in use at the time, which generally limited the solutions to specific problems
or geometries. Not to mention that the aerospace industry still was invested in the flexibility
method. By about 1970, however, the DSM had carried the day, and become the standard solver
technique for what we know today as general purpose finite element programs.

One of the first matrix structural analysis packages available to bridge design engineers was
“STRESS,” for STRuctural Engineering System Solver, developed by S. J. Fenves and others at
M.I.T. and supported on the IBM 1130, a powerful and relatively inexpensive computer
marketed in the mid 1960s. This line element software enabled engineers to solve systems of
two- and three-dimensional truss and beam elements. The key difference between this software
and the custom written programs of the time was that this program could solve problems of any
geometrical configuration. Using this program bridge designers were able to analyze multi-
girder bridges using grillages or space frames to arrive at a system solution rather than rely on
approximate distribution factors.

Programs such as STRESS, written to solve static first-order problems, soon were used by
creative engineers as a calculation engine to compute trial and error deflections necessary to use
iterative methods such as the Newmark process for calculating frequencies, mode shapes,
buckling loads, and second order deflected shapes of relatively complex structures. Engineers
used their understanding of structural theory and structural behavior to overcome the hardware
and software limitations of the time. This continues today, for instance an equivalent Saint-
Venant torsional constant can be used to account for warping, an effective modular ratio can be
used to adjust section properties to account for concrete creep under sustained loads, or an
effective stiffness is used to approximate cross frame behavior with a single element.

In the 1970s general purpose finite element programs started to become more widely available to
design engineers in the form of programs such as NASTRAN, SAP, and STRUDL. These
packages added enormous analytic capabilities to the engineer’s tool kits. Element libraries
contained not only beam and truss elements, but plate bending elements, shell elements, and
plane-stress and plane-strain triangles and quadrilaterals as well as three-dimensional brick

5



elements. This enabled engineers to solve continuum-type three-dimensional problems with
relative ease.

Over the last 40+ years there have been many advances in the capabilities of finite element
analysis (FEA) programs including:

e Improvements in pre-processing
o0 Graphical user interfaces (GUIs)
0 Large element libraries
0 Model generation wizards/automatic model generation
e Improvements in solver capabilities
0 Multiple solver choices depending on model/elements
0 Matrix optimization
0 Non-linear iterative capabilities
e Improvements in post-processing
0 Report generation
0 Stress visualizations
0 Animations

It should be noted that most of these advances are essentially “bells and whistles” for improving
speed and user-friendliness. The DSM of the 1970s continues to be the standard solver
technique in use today. The main advantage of the programs of today over those of yesterday is
the increase in computing capacity. Structures can be modeled and analyzed today in a day that
would have taken weeks to run 40 years ago, if they could have been analyzed at all.
Furthermore, it is expected that structures which engineers would never attempt to model today,
will be easily modeled and analyzed in the future.

1.5 State of Practice

The standard method of analysis for typical multi-girder bridges in the United States has for
years been a line girder analysis with the use of distribution factors. In this type of approximate
analysis, each girder is analyzed as a stand-alone component. Assumptions are made regarding
the distribution of dead loads among the girders, while distribution factors account for the
transverse distribution of live loads. If the bridge is continuous, or otherwise indeterminate, an
analysis program is usually used to determine the shears and moments in the girders based on the
distributed loads applied.

There are many advantages to this approach to bridge analysis, among them ease of use and
repeatability of results. However, there are some disadvantages, not the least of which is the
limited range of applicability. The method begins to break down when the bridge becomes
skewed and/or curved. In these cases, the cross-frames between girders become part of the
primary load resisting system, and accounting for them in the analysis requires additional
approximate calculations such as the V-load method, or M/R method for curved bridges. The
accuracy of these approximations degrades as the degree of skew and/or curvature increases.

Also, even for straight non-skewed structures, use of AASHTO LRFD distribution factors tends
to introduce a degree of conservatism that usually results in more total design live load than lanes
on the bridge, and the use of more material in the design than necessary. Using refined analysis



to distribute the live load more accurately has the potential to provide more economical new
bridges and/or improved load ratings for existing bridges.

The trend in refined analysis has been a decreasing additional cost in time and effort versus
traditional approximate methods. Developments in available software continue to decrease the
differential analysis cost such that this will not be a significant factor in the decision of which
method to use in the very near future, if in fact it has not already occurred for some classes of
structures.

In the United States, certain bridge types have been designed using refined methods of analysis
for at least 40 years. In fact, approximately in 1988, when the framework for the AASHTO
LRFD was developed, the development team proposed to the Panel guiding the work that
distribution factors not be part of the Specifications, but rather that the requirement would be a
two- or three-dimensional refined analysis. At the time this suggestion was roundly rejected as
beyond the capability of most practicing engineers. Now many more practicing engineers have
had some education and/or experience with the refined methods of analysis, computer programs
to perform such analyses are more widely available, and the computing power required to run
them is easily affordable. Currently, for most cases of design of concrete deck slab on girder
highway bridges, a 2-D plate on eccentric beam (PEB) would be the recommended refined
analysis procedure (for more on PEB see Sections 2.4.3.2 and 3.5.2).

Modeling issues, in particular boundary conditions and loading, are sources of problems in the
application of refined methods such as FEA, not to mention that different acceptable models can
yield somewhat different results. It is not the purpose of this manual to legislate the use of
models for particular types of bridges, but to direct the engineer in developing reasonable models
which will produce more consistency in the application of these refined methods. This is
particularly true for bridges with complex geometry such as curved and skewed bridges in which
the quantification of the forces and distortions in some of the members cannot be accurately
predicted with the approximate methods for load distribution in Section 4 of the AASHTO
LRFD. This is why references are made at various places within the specification as to when
refined methods are particularly appropriate.

1.6 Scope of Manual

The approach presented by this manual is to relate refined analysis techniques to those currently
addressed in the AASHTO LRFD, to highlight what an engineer needs to consider when moving
to a refined analysis, and to ground the process in basic engineering fundamentals and practical,
experience-based guidelines. Guidance on the applicability of one-, two-, and three-dimensional
analysis are provided. References to specific proprietary software packages are avoided if
possible.

Also addressed are some of the unique issues of analyzing existing structures, such as the need to
know the construction method and sequence in order to properly account for the distribution of
dead load and locked-in stresses. For example:

e A girder bridge erected as simply supported for dead load but made continuous for live
load.



e Segmental concrete girders erected by the cantilever method acting like cantilevers for
dead load but continuous girders for live load.

It is not the aim of this manual to cover material that can be found in other existing publications.
A partial list of publications that supplement/extend the information presented here are:

e NCHRP Report 725 — Guidelines for Analysis Methods and Construction Engineering of
Curved and Skewed Steel Girder Bridges

e NCHRP Report 620 — Development of Design Specifications and Commentary for
Horizontally Curved Concrete Box-Girder Bridges

e AASHTO/NSBA Steel Bridge Collaboration — G 13.1 Guidelines for Steel Girder Bridge
Analysis, 2" Edition

e FHWA Orthotropic Deck Design Manual

e NHI Course No. 130095 — Analysis and Design of Skewed and Curved Steel Bridges
with LRFD — Reference Manual

e NSBA Skewed and Curved Steel I-Girder Bridge Fit (Chavel et al., 2016)

e FHWA Post-Tensioned Box Girder Design Manual (Corven, J., in development)

Throughout the following chapters, references to the seven examples developed as part of this
manual are included. These examples are provided in Chapter 9. The seven examples include
four general bridge analysis examples:

(1) Example 1 - a straight, three-span, composite precast concrete I-girder concrete deck slab
bridge with square supports, simply supported for dead load made continuous for live
load,;

(2) Example 2 - a straight, three-span continuous, composite steel I-girder concrete deck slab
bridge with square supports;

(3) Example 3 - a curved, three-span continuous, composite steel I-girder concrete deck slab
bridge with skewed supports; and

(4) Example 4 - a curved, three-span continuous, concrete box girder spine beam.

Also provided are three more specifically targeted examples on more advanced topics:

(5) Example 5 - a dynamic linear multimode response spectra analysis of the curved multi-
girder steel bridge from Example 3 including soil structure interaction, pushover, and
dynamic deflections;

(6) Example 6 - a stability analysis of a tall concrete pier incorporating geometric
nonlinearity and utilizing cracked/uncracked section properties where appropriate;

(7) Example 7 - a staged, construction analysis of a four span 660’ long continuous concrete
box girder bridge with external tendons, focusing on global design forces including
concrete creep and shrinkage.

Multiple methods are used in the examples in order to compare the results of increasing
refinement in the analyses.



1.7 Summary

To support advancement in the practice of bridge engineering in the U.S., this Manual provides
guidelines and examples for the proper use of refined analysis in bridge engineering. The
expected outcome is a move toward widespread use of more refined, modern analytical
techniques to improve economy, safety and performance of our nation’s infrastructure now and
in the future. Some engineers may be uncomfortable moving away from the predictable and
conservative load distribution factor method of design to refined methods that result in
potentially lower and more variable design force effects. However, as long as the refined model
is representative of the designed structure, the target Reliability Index of the AASHTO LRFD
Design Specification will still be obtained. In other words, the design will still satisfy the intent
of the Specifications, meeting all limit states and achieving constructability, safety, and
serviceability, through use of a more efficient design with less conservatism.

To achieve this goal, this manual strives to provide sound technical guidance, but to not overly
constrain designers. Often there is more than one valid path to correct results, while there are
certainly also potential pitfalls leading to incorrect results. The intent of this manual is to
educate engineers, making them more aware of both the pitfalls and valid paths, without
prescribing an overly restrictive approach to refined analysis.

This manual provides guidance on the following topics:

e Reviewing the basics of the finite element method.

e Choosing the appropriate level of refinement, i.e. 1D, 2D, or 3D model for the problem at
hand.

e Assembling the chosen model(s), including element types, meshing, and boundary
conditions.

e Loading the model(s) in accordance with the AASHTO LRFD Specifications.

o Verification/Validation of both the model and loading.

e Extraction of usable results.

Preventing misuse of the FEA method, while maximizing flexibility so designers can choose the
most appropriate implementation for the structure and client at hand, is the goal. The manual is
written such that a bridge engineer who has just received licensing as a professional engineer,
and is familiar with the general aspects of bridge design and analysis, but who may not have had
much exposure to the finite element analysis method as applied to bridges, can utilize it to
perform routine bridge analyses. Important concepts are highlighted using italics. Some
advanced topics are also provided for more experienced engineers to help in performing more
sophisticated refined analyses.
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CHAPTER 2. REFINED METHODS OF ANALYSIS
2.1 Methods of Analysis Permitted by AASHTO LRFD

Article 4.4 of the AASHTO LRFD establishes the most basic requirements for any analysis
applied to bridges or any other structures as meeting the requirements of equilibrium,
compatibility, and appropriate material constitutive relationships. Along with FEA, Article 4.4
of the AASHTO LRFD lists the following acceptable analysis methods but does not preclude the
possibility of others:

e C(lassical force and displacement methods as might be utilized in pier analysis,
development of influence lines and other cases where methods such as virtual work,
moment distribution or slope deflection still occasionally yield efficient solution
methods.

¢ Finite difference method, which is a numerical means of evaluating a differential
equation for either a boundary value problem or a time-dependent problem. This has
been largely supplanted by the finite element method, but can occasionally still be used
efficiently as an independent check.

e Folded plate method using the theory of elasticity. Several solution methods have been
developed. One method, developed by Goldberg and Leve, combines the equations of
classical plate theory for loads normal to the plane of the plates with the elasticity
equations defining the plane stress problem for loads in the plane of the plates. While
hand calculation is tedious, Scordelis (Scordelis, 1960) adapted the method to a matrix
method amenable to computer solution.

¢ Finite strip method, which is a semi-analytical finite element method suitable for
problems whose properties are uniform in one or more directions, allowing for a
discretization into strips. The solution is approximated by using a continuous harmonic
function series which satisfies the boundary conditions in one direction, and piecewise
polynomial interpolation in the other directions. Useful for solving plate, folded plate,
shell, and bridge deck proble

e (rillage analogy method involving models built of line elements interconnected in a
manner to be relatively faithful to the structure geometry. These are also often called
“grid methods.” They have been implemented both using grid-specific software and
using beam elements to develop the grid in a finite element analysis.

e Series or harmonic methods are applicable primarily to the solution of dynamic issues
and have had historic application to stability and suspension bridge analysis. These
methods are also largely supplanted by finite element analysis but still form the basis of
many textbook or handbook solutions to certain types of problems which have continued
value as a means of checking computer-oriented solutions.

e Methods based on the formation of plastic hinges which, while lacking continuity,
replace that virtue with a mechanism which permits relative rotations at the hinges to be
determined so that external work can be estimated. Pushover analyses, or capacity
protection as a seismic design strategy, are applications of methods using plastic hinges.
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¢ Yield line theory extends the formation of plastic hinges to continuum-type problems
where the inelastic rotation is idealized along lines much like a piano hinge. The design
methods permitted for a test specimen of a railing system are based on a yield line
approach.

In addition to the applications identified above, other analysis methods, such as Fiber Element
Modeling, a nonlinear section modeling method, have been utilized by bridge designers as well
as researchers developing provisions for the AASHTO LRFD.

Despite the existence of these other methods, the finite element method has become the method of
choice for most refined analyses of bridge structures. Reasons for this include flexibility of
application, ease of use, and continuing increase in the computing power available to bridge
designers. As such, when this manual refers to “refined analysis” it typically means the finite
element method. The continued listing of these other methods provides continuity with past
research, and also provides independent techniques to verify refined analyses, even though most
current work is performed with finite element analysis.

Article 4.4 also establishes that it is the responsibility of the designer to properly implement the
analysis method and correctly interpret the results, no matter what method is used.

2.2 Refined Methods of Analysis Referenced in AASHTO LRFD and AASHTO MBE

There are many references to refined analyses in the AASHTO LRFD (AASHTO, 2014) and the
AASHTO Manual for Bridge Evaluation (AASHTO MBE) (AASHTO, 2011). See Appendix
2A for a compilation of references to refined analysis found in the 7" Edition of AASHTO
LRFD and Appendix 2B for a compilation of references to refined analysis found in the 2nd
Edition of AASHTO MBE.

As mentioned in Section 2.1, Article 4.4 of the AASHTO LRFD lists some, but by no means all,
of the refined analysis methods available. Articles 4.5 and 4.6 contain recommendations on
modeling and analysis using refined methods and in addition to this manual should be the
starting place for an analyst contemplating performing a refined analysis. Guidance is provided
on when to perform a refined analysis and what level of refinement is necessary in given
situations. Article 4.6.3 is specifically about refined methods of analysis and much of the
information specific to FEA in the AASHTO LRFD can be found there. Other references to
refined analyses throughout the AASHTO LRFD are more generic.

A significant number of references to refined analyses are along the lines of “in lieu of a more
refined analysis, the following can be used,” implying that a refined analysis should be
considered if more accuracy is required, but the given simplified method is usually sufficient for
routine bridge design. In AASHTO LRFD Sections 5 and 6, the sections devoted to design of
concrete and steel respectively, refined analyses are often recommended for the design of
specific elements in specific situations.

There are relatively fewer references to refined analyses in the AASHTO MBE. Most of the
references to refined analyses in the AASHTO MBE recommend when such an analysis should
be performed, but do not give any further guidance or recommend a specific refined method.
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2.3 Essentials of Finite Element Analyses
2.3.1 General Capabilities of Modern Finite Element Software

FEA software ranges from basic inexpensive software that can model linear elastic behavior of
frame structures composed of beam elements, to expensive software that can model nonlinear
inelastic behavior of complex structures and can utilize large libraries of specialty elements.
Over time, the capabilities of FEA software have increased, while the licensing costs have
decreased. Though some of the improved capability is related to the solvers, i.e. iterative
nonlinear solvers, much of the improvement has been in the ease of use and the tailoring of the
software for bridge design. FEA programs have also benefitted from advances in computer
processing speed and memory.

Utilizing high-end FEA programs, such as those employed in aerospace design, is not cost
effective for most routine bridge designs, since typical bridge designs do not require the
advanced capabilities of those programs. Additionally, while powerful, high-end programs tend
to be more general purpose, and not tailored to producing bridge models.

The bridge design industry generally uses midlevel FEA software for typical bridge design tasks.
These are programs with point, line, surface, and volume elements. Although mostly used for
linear elastic analyses, the programs usually have some material and geometric nonlinear
capabilities. The more advanced of the midlevel programs have modules tailored for bridge
design, making bridge model creation, loading, and analysis easier.

Model generation currently can be performed through graphical interfaces, with the resulting
models viewed graphically on a monitor, rather than the text input and output files of the past.
Text files, however, still have their place, and can often be utilized to quickly generate new
models, change current model properties, or to check model inputs.

There are many different solvers with various exotic sounding names used in FEA programs.
Sometimes a single program will use different solvers for different size models, models utilizing
certain elements, or models requiring iterative solutions. They are all essentially variations on
the Direct Stiffness Method, however. The different solvers handle solution of the N stiffness
equations, to facilitate solving certain classes of models more efficiently. For instance, a small
model where N is relatively small may invert the full NxN stiffness matrix during solution
without performing any optimization, while a large model may employ optimization techniques
(referred to as sparse solvers) that take advantage of the large number of zeros in the stiffness
matrix that can be ignored, such that the equations are solved more efficiently.

Some of the tools available in current software packages include model creation wizards,
geometry based modeling, section property databases and generators, automatic meshing, bridge
live loading generators, and specification checkers. In short, it is becoming easier than ever to
generate and run complex bridge models. More complex models, however, mean more potential
for errors which can be more difficult to find.

Bridge Information Modeling (BrIM) systems are expected to be the next step in the evolution of
structural bridge models. BrIM is defined as the process of documenting all bridge information,

such as materials, geometry, foundations, traffic, and other data, from project conception through
the entire life cycle of the structure using a data centric 3D model. Full 3D bridge models can be
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used for more than just structural analysis and design. The models will be part of the database of
information about the bridge and can be used to aid in other tasks downstream of design, such as
fabrication, construction, and operation.

2.3.2 Gauss Points, Shape Functions and Degrees of Freedom

The finite element method is a numerical matrix solution technique for finding approximate
solutions to boundary value problems. The method entails using a series of elements to
approximate a continuum. Individual elements use polynomial functions called shape functions
to describe the deflected shape between the element connections, or nodes. For a given level of
meshing, the more accurately the shape functions approximate the actual deflected shape, the
better the agreement with the actual behavior.

Integration is used to calculate the element stiffnesses as well as for element state determination
(e.g., recovery of element internal stresses and nodal forces for a given set of element
displacements). The integration proceeds by evaluating the function at specific points, applying
an appropriate weighting factor, and summing results. Gauss numerical integration, or Gaussian
Quadrature, is the most commonly used technique in generating element matrices. This
technique minimizes internal integration points and locates them so as to minimize integration
error when the integrand is a general polynomial. Systematically combining all of the individual
elements into a global system of equations leads to the solution of the overall model. Often finite
element programs provide output at the gauss points of elements as well as the nodes. For
further information on the finite element method, see texts such as (Bathe, 1976) and
(Zienkiewicz, 2005).

Displacements of a point, or node, can be characterized with up to six quantities in Cartesian
coordinates: translation and rotation for each of the three axes, as illustrated in Figure 1. The
possible movements of a node due to the structure loading are referred to as degrees of freedom
(DOF). The DOF of a model corresponds to the sum of all the DOF at all the nodes in the
model, although not all finite elements incorporate all six DOF at the nodes in their formulations.
For instance, members modeled using truss elements that do not incorporate rotational degrees of
freedom can have incompatible rotations at connecting nodes. Another example would be two
dimensional planar elements that do not incorporate out-of-plane DOF. Generally the more DOF
in a model, the more computational effort is required to solve the equations. For example a truss
modeled as pin-connected using two force bar elements will require less computational effort
than the same truss modeled using beam elements with full fixity at the joints.
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Figure 1. Illustration. Six degrees of freedom (DOF) at a point, or node.
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One way to minimize the DOF is to minimize the number of nodes in the model. Conversely, as
the number of nodes and corresponding DOF increase, generally so does the accuracy of the
solution. Figure 2 schematically illustrates the relationship between increasing DOF, increasing
accuracy, and computational effort. Note that there is a diminishing rate of increased accuracy,
and increasing the DOF beyond a certain point results in very little increase in accuracy, but the
computational effort continues to increase. There is no absolute criteria for determining the
optimum number of DOF for any given problem.
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Figure 2. Graph. Schematic illustration of the relationship between DOF, accuracy, and
computational effort.

As mentioned previously, different finite elements also incorporate different DOF in their shape
functions. Choosing the element that captures the significant DOF of the problem to be solved is
also important, since choosing an element that does not have sufficient DOF will result in a less
accurate solution, while choosing an element with extra DOF will require more solution time.
For instance, choosing a plate element to model a composite deck will result in errors, since plate
elements do not support a membrane DOF and therefore will not carry axial forces in-plane.

Note that erring on the side of extra DOF is preferable to not enough, as long as inappropriate
restraint is not being provided, since current computer processor speeds can often render the
extra solution time inconsequential, and taking extra solver time is better than getting inaccurate
solutions. Generating more output data may increase the time required to interpret the results,
however.

Different elements with the same DOF can also have different internal formulations such that
behavior and results are different. For instance Timoshenko beam elements are formulated to
include shear deformation, while Bernoulli beam elements do not (for more on this see Section
2.3.4.2.2).
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A certain amount of experience and good judgment is required to optimize the DOF such that
computational effort is minimized while the desired accuracy is achieved.

2.3.3 Typical Input and Output

As mentioned previously, input can usually be performed using a graphical user interface. For
large models it may be easier to generate all or many elements of the model using spreadsheet
generated text files. Changing element geometrical properties and/or loadings in a large model is
also often easier using spreadsheet generated text files. Many FEA software packages have
features that aid in the creation of models, and specifically aid in the creation of bridge models.

Input begins with geometrical discretization and assigning model attributes. The first step is to
define node locations, choose the type of elements to be used, and generate a mesh that reflects
the geometry of the structure being modeled. Paying attention to element connectivity and DOF
is important, including constraints such as rigid links in order to construct a stable model and
avoid mechanisms. Next, geometrical properties of the elements, i.e. area, moments of inertia,
etc. are assigned. Many programs make this easier with libraries of common rolled shapes and
section property calculators.

Material properties can then be assigned to the elements. Young’s modulus and Poisson’s ratio,
from which the shear modulus can be calculated, are sufficient for many analyses employing
only isotropic materials. Anisotropic materials require additional parameters. Mass density or
unit weight, depending on the software, is required if dead loads are to be automatically
generated. Getting the mass correct is particularly important if a dynamic analysis is being
performed. The coefficient of thermal expansion is required if thermal analyses are to be
performed or expansion/contraction capabilities are to be utilized, for instance when using
thermal expansion/contraction as a surrogate for explicit lengthening/shortening when
cambering. For higher order analyses, such as those with steel yielding, concrete cracking, or
soil non-linearity, more material parameters are required. Again, many programs make this
easier with libraries of commonly used materials, and default values for common material
behaviors. Getting the relative member stiffnesses correct in a refined analysis model is key to
getting a representative distribution of force effects.

Next, stable boundary conditions need to be applied. Boundary conditions are restraints that
prevent movement in specified directions at specified points. In order to be stable, sufficient
boundary conditions must be present to prevent rigid body motion of the model in any of the
three translational or three rotational directions. In the past, most programs would fail to run if
one attempted to solve an unstable structure. Some current solvers will give (incorrect) results
for an unstable structure. Often this is easily recognized due to obviously wrong forces or
deflections.

Finally, loadings can be applied. Current programs are very flexible with regard to loadings.
Point, distributed, area, thermal, and displacement loadings among others can be applied to the
model. Care should be taken when assigning loads between nodes to ensure that the nodal loads
generated by the program are approximately statically equivalent to the actual loads being
applied.
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Once the model has been assembled and the program run, various outputs are generated. Load
cases can often be combined and factored within the programs if desired. Note that factored
combinations are only appropriate in cases where superposition is valid, such as linear elastic
analyses, and not for nonlinear results. Usually all of the outputs can be viewed graphically as
well. It is suggested that the deflected shape and reactions be examined initially. Often errors
can be easily identified when the model deflects or reactions are distributed in unexpected ways.
Other typically utilized outputs are forces and/or stresses. These can usually be viewed as graphs
or contours, or exported in the form of tables for further post-processing. Note that outputs are
not always in a form that can be directly utilized for AASHTO LRFD (see Chapter 8 for more on
utilizing analysis results).

2.3.4 Typical Element Families and Usage

There are four typical element families used in bridge design: Point, line, surface, and volume.
There are many elements with different formulations, different capabilities, and different DOF
within each family of elements. They range from specialty elements with very specific
application, to more generic elements with more general application. Constraints and rigid links
are arguably a fifth class of elements. Constraints and rigid links can provide appropriate
connectivity within a model, such as composite action. It is the user’s responsibility to make
sure the elements comprising a model are compatible and have the appropriate DOF and
capabilities for the problem at hand.

2.3.4.1 Point Elements, Constraints, and Rigid Links

Point elements are zero, or near zero, length elements which interconnect other elements in a
model, usually at coincident nodes. Point elements are often used between elements to release
certain degrees of freedom. Point elements can also be used to provide linear or nonlinear
support conditions, to add a point mass for dynamic analyses, or to connect multiple nodes by
springs with translational and rotational stiffness. Some FEA packages have interface point
elements that can be used for instance as tension only, or contact elements, or in between layers
of composite materials.

Point elements are not typically used in models for routine slab-on-girder bridge design, but may
be utilized to model bearings using releases or spring stiffnesses between superstructures and
substructures within a model.

Constraints and rigid links are methods of constraining or releasing the movement of geometric
or nodal freedoms within a model. They can be used to set up a relationship between nodal
freedoms, maintaining defined compatibilities. Often, they are preferable to using stiff elements
when connecting nodes rigidly, as overly stiff elements can result in solver errors due to an ill-
conditioned stiffness matrix. They also allow the flexibility of constraining any combination of
the six DOF at a node.

2.3.4.2 Line Elements

Line elements are used to model bars, beams, cables or other structural elements where the

length of the element is generally much greater than the depth and the width. For line elements,
transverse through-thickness normal stresses are negligible, with normal stresses generated only
along the longitudinal axis of the element. Line elements are attractive for use in bridge design,
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as the forces typically used for bridge component design; axial forces, bending moments, and
shear forces, are directly output.

2.3.4.2.1 Bar or Truss Elements

Bar or truss elements are two-force members capable of resisting deformation only in the
longitudinal member direction (see Figure 3). This resistance is associated with axial force in the
member. This type of element is used where members are subjected to primarily axial forces,
such as trusses or cross-frames. In some programs, bar elements are a special case of a beam
element, with all rotational degrees of freedom released. Some programs allow tension only or

compression only bar elements.
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Figure 3. Illustration. Bar or truss element.

2.3.4.2.2 Beam Elements

Depending on the element formulation, beam elements can have stiffness and transmit loads
corresponding to all six DOF at each node as illustrated in Figure 4. Beam elements are
therefore capable of modeling components that resist not only axial forces but also biaxial shear,
biaxial moment, and torsion. Most programs allow the release of individual DOF such that
elements with any combination up to six DOF at each node are possible. Beam section
properties can also be manipulated to effectively release DOF. There are two formulations of
beam elements, Euler-Bernoulli beam elements and Timoshenko beam elements. The

formulations for these two types of elements can be found in various texts, including (Hughes,
2012).
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Figure 4. Illustration. Beam element.

18



Euler-Bernoulli beam elements are typically used when capturing deformation due to shear is not
required. Shear deformation is generally negligible in cases where the span to depth ratio of the
beam is greater than about 8. For most cases, modeling bridge girders using this type of beam
element will produce satisfactory results.

Timoshenko beam elements are capable of capturing shear deformation. This element should be
used when shear deformations are not negligible. An effective shear area must be provided in
the section properties in order to formulate the Timoshenko beam element shear stiffness matrix.
The effective shear area corresponds to the area for which the strain energy from a uniform shear
stress equals the strain energy that would be present in the non-uniform shear stress of the beam
shape being analyzed.

The effective shear area of a section depends on the shape of the section, but is always smaller
than the cross-sectional area in a given plane, such as the approximation using the area of the
web rather than the total cross-sectional area as the effective shear area for wide flange beams
loaded about the strong axis. Effective shear areas of common shapes such as those listed in
Table 1 are often provided in FEA program manuals, but can also be found in some reference
books. A general treatment for calculating the effective shear area is found in (Meek, 1971), or a
section property calculator can be utilized to find the effective shear area of a given shape.

Table 1. Effective shear areas of common shapes.

Description Effective Shear Area

Solid Rectangular Section — dimensions b x d 5/6 bd
Thin-walled Hollow Rectangular Section 2tD

Solid Circular Section 0.9 nR?
Thin-Walled Hollow Circular Section Rt (=A/2)
I-beam (along web direction) Aweb

I-beam (along flange direction) Aflanges

No Shear Deformation 1000A*

Note: In some programs a value of zero for the shear area results in shear deformations being neglected. Consult the
software user manual for more information.

Although using Euler-Bernoulli beam elements for girders is generally sufficient, using
Timoshenko beam elements will generally provide more accurate results, with little increase in
computational effort, no difference in the mesh, and no increase in the amount of output data.
Timoshenko beam elements should always be used when shear deformations are not negligible,
such as when modeling short deep members or when large concentrated loads are applied close
to a support. In general, a reasonable shear area must be assigned to Timoshenko beam elements
to achieve valid results, although in some programs assigning a value of zero to the shear area
results in shear deformations being neglected.

Most current finite element beam element formulations include only the Saint-Venant torsion
while ignoring the warping torsion because the available six degrees of freedom can only
accommodate planar behavior. Some programs may include beam element formulations which
include a seventh degree of freedom to allow inclusion of warping torsional stiffness directly.
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2.3.4.3 Surface Elements

Surface elements such as plates and shells are used to model situations where the thickness is
generally much less than the dimensions of the other two orthogonal directions. The main
difference between plates and shells is that shells include axial membrane stresses in the plane of
the elements, as well as the bending and shear stresses carried by plate elements. Figures 5 and 6
show a plate and a shell element respectively. The shell element includes the membrane forces
indicated by ox,m and Gy,m.
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Figure 5. Illustration. Plate element. Figure 6. Illustration. Shell element.

Surface elements are generally modeled as triangles or quadrilaterals as illustrated in Figure 7.
Quadrilaterals are typically used for the regular shaped areas in finite element analysis of bridges
though triangles may be used, especially for transition meshes and irregular shapes. Usually
some minimal out-of-flatness is tolerable, as is having curved edges when a midside node is
present. For more information on out-of-flatness for surface elements, see (Cook, 2002).

3 noded triangle 6 noded triangle 4 noded quadrilateral 8 noded quadrilateral
Figure 7. Illustration. Typical surface element geometries.

Finite element software sometimes offers the choice between Kirchhoff-Love formulation plates
or shells and Mindlin-Reissner plates or shells. The difference between Kirchhoff-Love and
Mindlin-Reissner surface elements is similar to the difference between Euler-Bernoulli and
Timoshenko beam elements as described in Section 2.3.4.2.2. Mindlin-Reissner elements
include through thickness shear deformations, while Kirchhoff-Love elements do not.

The Mindlin-Reissner shell formulation is recommended in general because it tends to be more
accurate, even for thin shell bending problems in which shear deformation is negligible. As with
beam elements, including shear deformations will almost always provide more accurate results if
modeled correctly, with little increase in computational effort, no difference in the mesh, and no
increase in the amount of output data. When the mesh is coarse, and shear deformation is
negligible, Mindlin-Reissner elements tend to be slightly stiffer than Kirchhoff-Love elements.
When the mesh is sufficiently fine, the Mindlin-Reissner elements tend to be more flexible than
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Kirchhoff-Love elements due to the additional shear deformation. The accuracy of the Mindlin-
Reissner formulation deteriorates when there is mesh distortion and large aspect ratios, and
therefore Kirchhoff-Love elements should be used in such cases when shear deformation is
known to be small.

Depending on the formulation, shell elements may only resist five of the six degrees of freedom
at their nodes, with the in-plane rotation, often referred to as the “drilling” DOF, unconstrained.
Sometimes this can cause numerical instabilities resulting in errors.

A second phenomenon that can affect several element types, but may be more prevalent in shell
formulations, is known as “shear locking” or “parasitic shear.” The problem manifests itself
when shear strains become vanishingly small compared to bending strains, such as in cases of
pure bending, and results in overly stiff behavior of the elements. Many finite element programs
have implemented improved element formulations in order to minimize this effect. While
problems due to “shear locking” are expected to be rare, the analyst should be aware of the
effect, and be able to adjust the number or type of elements accordingly.

“Membrane locking” is another phenomenon can occur in curved shell and beam elements. It is
characterized by spurious membrane strains in beam and shell elements in a state of pure
bending. The effect can be avoided by use of flat shell elements and the spurious effect
decreases quickly in curved shell elements with mesh refinement.

2.3.4.4 Volume Elements

Volume elements, also referred to as solid or brick elements, are used to model general three-
dimensional behavior at the element level of an analysis, such as when through thickness normal
stresses along all three axes are important. Because the mesh size of volume elements is driven
by the thickness of components due to aspect ratio considerations, modeling girders or bridge
deck slabs with volume elements can result in fine meshes with high numbers of degrees of
freedom resulting in potentially long solution times.

The nodes of volume elements typically only have stiffness and transmit forces corresponding to
the three translational degrees of freedom, no rotational constraint is provided. Care needs to be
taken when mixing elements with rotational degrees of freedom such as beams with volume
elements. Volume elements can take various shapes. Some of the common ones are illustrated
in Figure 8. As with surface elements, some minimal out-of-flatness of surfaces can often be
tolerated, and curved sides are possible when midside nodes are present.
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4 noded tetrahedron 6 noded pentahedron 8 noded hexahedron
10 noded tetrahedron 15 noded pentahedron 20 noded hexahedron

Figure 8. Illustration. Typical shapes for volume elements.

Historically, volume elements have been used for localized analyses, such as stress
concentrations in a welded steel connection or stresses in disturbed (D) regions of concrete
bridges, and rarely used in routine bridge design due to the high computational effort and
difficulty in extracting useful specification design forces. Line and surface elements are usually
capable of approximating the behavior of bridge components sufficiently for design purposes
when stresses in the through thickness direction are not required. With increases in computing
power and advances in software, use of volume elements for routine design may become more
common in the future.

2.3.5 Boundary Conditions

Boundary conditions refer to the supports and restraints applied to models. As mentioned
previously, the boundary conditions should result in a stable model, such that unrestrained rigid
body displacements are prevented. Restraints are commonly located at bearings if the
substructure of the bridge is not part of the model, but they also can be located at the foundation
or the interface between the foundation and the rock or soil in more detailed models.

The most commonly used boundary conditions are idealized supports giving full fixity to either
translation or rotation. Actual supports are never fully fixed or fully pinned, but approximating
them as such is often sufficient. More advanced analyses can utilize friction or non-linear
behavior such as compression only or tension only supports if program capabilities permit.
Modeling the supports incorrectly, such as misalignment of the orientation of fixity, can have a
major influence on solution results even if the difference in the supports appears minor. This
can be particularly true when the structural geometry near the supports is complex, for instance
at bearings of curved or skewed bridges (see Section 6.5).

Partially restrained supports modeled with springs can be used as well, as long as the support
stiffness is approximately known. Simple “diagonal” springs, so called because only the
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diagonal of the stiffness matrix is populated, are used when the stiffnesses of the various degrees
of freedom are independent. For more complex cases, some programs have user programmable
springs that permit cross-coupling of stiffnesses for cases when the degrees of freedom are not
independent. This is often necessary when including the foundation stiffness in a model as a
spring stiffness at the base of piers or abutments. An accurate representation of the foundation
stiffness will have coupling between the DOF, and require a full 6x6 stiffness matrix. If the
support stiffness is not known, bounding the problem by running analyses first with an
unrestrained (or flexible) support and then with a fixed support can sometimes be employed to
envelope the solution.

More information on typical bridge design boundary conditions can be found in Section 3.7.
2.3.6 Submodeling

Submodeling, also known as substructuring (not to be confused with the substructure of a
bridge), refers to the FEA technique of creating a finer mesh model of a particular portion of a
finite element model where more accurate results are desired. A larger coarse model is used to
find the global forces and/or displacements at the boundaries of the refined area. These global
forces/displacements are then applied to the finer submodel to determine the local effects in that
particular area.

An example of submodeling is illustrated in Figure 9 where the connection of a floorbeam to the
tie girder of a tied arch is examined in much greater detail. At the bridge level, a coarse line
element model is appropriate. A more detailed shell element model (A) can be used to represent
a portion of the tie girder and the end of a floorbeam. Further submodeling of the top and bottom
halves of the tie girder floorbeam connection using shell elements can be modeled as in (B) and
(C). Finally, solid element modeling of the corner details can be used for example to determine
fatigue stresses (D), (E), (F), and (G).
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l Figure 9. Illustration. Example of increasing levels of submodeling.
This technique results in a much more efficient computational effort than using a fine mesh for

the entire structure. Close attention needs to be paid to the boundary conditions and
loading/displacements of the submodel, in order to achieve valid results. Submodeling is not
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typically employed in routine bridge design, but may be appropriate in certain cases such as
forensic or detailed fatigue analyses.

24 Definitions, Comparison and Applicability of One-, Two-, and Three-Dimensional
Analysis

2.4.1 Definitions

An analysis will often be described as a 1D, 2D, or 3D analysis (where the D refers to
dimensions), as a way of describing the level of refinement of the analysis. In order to avoid
confusion, a definition of what constitutes each of these analyses is needed. It is also important
to distinguish between system and member dimensions. The number of dimensions used to
classify the analysis does not necessarily correspond to the type of elements used in the analysis;
i.e. a 2D analysis may require three dimensional elements in the analysis program. Conversely, a
truss bridge might be analyzed as a 3D assemblage, but still be constructed of two force truss
elements.

For the purposes of this manual, a 1D analysis is one in which the resultant quantities (moments,
shears, axial loads, deflections, etc.) are a function of only one spatial dimension. For a curving
structure, that dimension may be measured along the curved axis; i.e. the reference dimension
does not have to be straight. Examples of a 1D analysis include a line girder analysis of a
straight bridge or a spine beam model of a curved concrete box structure.

Similarly, 2D analysis results are a function of two spatial coordinates. Examples would include
a grid (also sometimes referred to as grillage) analysis (see Section 3.5.1), or a plate with
eccentric beam (PEB) analysis (see Section 3.5.2).

A 3D analysis requires three coordinates to define results. Generally in a 3D concrete slab on
beam bridge model, the girders and the cross-frames/diaphragms are modeled with explicit
depth. Note that for a 3D analysis, there are still many variations possible, with a wide range of
refinements available. A girder bridge modeled with plate elements for girder webs, but with
beam elements representing the flanges would be a 3D analysis, as would one with solid
elements used for the flanges and webs of the girders. Both are 3D analyses, but there is a very
large difference in refinement between them.

Figure 10 illustrates a general progression in the level of refinement of an analysis for a
continuous plate girder bridge.

Note that it is usually not necessary to model the cross-slope, superelevation, and/or vertical
curve in a typical beam girder bridge analysis. In some cases it may make sense to include these
variations, such as when net axial forces are present or when modeling variable depth transverse
members that follow the cross-slope in a 3D analysis.
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Figure 10. Illustration. General progression from a 1D model to a 3D model.

2.4.2 One-Dimensional Analysis

One-dimensional analysis replaces the structure with a single series of line elements that follow
the geometry of the structure as seen in plan view. One-dimensional analyses are typically linear
elastic, small deflection, and consist of a single material transformed section. Varying section
properties can be handled with stepped section properties in the models, or by explicitly varying
the section properties along the length in more advanced programs.

A design based on the distribution factors in Section 4 of the AASHTO LRFD usually represents
the structure as a single beam and is, therefore, a type of one-dimensional analysis. Figure 11
shows the plan and typical cross-sections of the steel girder three span continuous bridge that is
analyzed in Example 2 (see Chapter 9). Figure 12 illustrates a single representative girder
model. In order to utilize the approximate distribution factors, the bridge must satisfy the
limitations listed in the AASHTO LRFD. In general, the distribution factors are applicable to
straight parallel multi-girder right bridges, although skews up to 60° can be accommodated with
the correction factors in Articles 4.6.2.2.2¢ and 4.6.2.2.3c. Note that the skew angle is defined in
AASHTO as the angle between the centerline of a support and a line normal to the roadway
centerline. Minimal skews and curvatures can be approximated as straight for one-dimensional
analyses.
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bridge for Example 2.

Figure 12. Illustration. 1D model of three-span continuous steel girder bridge for Example
2.
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Structures which have large torsional rigidity and for which the Saint-Venant response is
dominant, such as single box girders, can also be efficiently modeled as a single series of line
elements. Figures 13 through 15 from Example 4 illustrate a one-dimensional spine beam
model. According to Article 4.6.1.1 of AASHTO LRFD, if the span length of a bridge
superstructure with torsionally stiff closed cross-sections exceeds 2.5 times its width, the
superstructure may be idealized as a single-spine beam. This restriction does not apply to cast-
in-place multicell concrete box girders, so smaller aspect ratios are permitted. Article 4.6.1.2.2
extends the limitation of Article 4.6.1.1 to curved torsionally stiff single steel box girder systems.
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Figure 15. Illustration. 1D spine beam model.

In regard to skew, Chapter 12 of the PCI Bridge Design Manual (PCI, 2011) states that skew
angles greater than 20° result in significant bending moment and shear effects in the exterior
beams of concrete girder bridges. It goes on to warn that seismic effects can also be significantly
altered by skew. The skew correction factors in the PCI Manual mirror those in AASHTO
LRFD, however.

In NCHRP Report 725, White et al. (White et al., 2012) define a skew index for steel multi-
girder bridges, based on span aspect ratio and skew angle, as Equation (1).

w, tan g

v ok )
where:

Is = skew index

wg = width of bridge between fascia girders

Ls = span length at the bridge centerline

0= skew angle (measured from transverse axis)

In continuous span bridges, the index is determined for each span. In spans with unequal skews
at the bearing lines, 6 is taken as the larger skew angle.

For straight steel girder bridges, a skew index of about 0.30 differentiates bridges in which skew
effects of flange lateral bending, cross-frame forces, and girder layovers are important from
those where skew effects are less significant. When the skew index exceeds a second limit of
0.65, the vertical displacements and major axis bending moments are affected more significantly
by the skew.

For curved structures, Articles 4.6.2.2.4 and C4.6.2.2.4 of AASHTO LRFD permits the use of
the V-load and M/R approximate methods for steel I-girder and box girder bridges, respectively.
This provides a method of extending one-dimensional line girder results to the analysis of curved
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multi-girder bridges. Many limitations are listed and minimal guidance is provided on
applicability. It is left to the Engineer to determine when their use is appropriate.

According to Article 12.4.2.1 in the PCI Bridge Design Manual, bending moments in curved
concrete beams from longitudinal flexure are virtually the same as those for a straight beam of
span equal to the arc length between supports and therefore straight beam analysis can be used
for preliminary design. The same cannot be said for torsional moments, which are related to the
flexural moment divided by the radius of curvature, or M/R. Article 4.6.1.2.4b of AASHTO
LRFD contains a similar provision regarding multi-girder steel superstructures, but places
additional restrictions on use, presumably since it is not limited to preliminary design.

1D analyses can be an efficient choice when designing essentially straight, right, regular multi-
girder bridges or torsionally stiff box girder spine beam bridges, where lateral and torsional
responses are not critical. 1D analyses are not appropriate in cases with:

e large cross-frame or diaphragm forces such as from load distribution in multi-girder
bridges with large skew and/or curvature,

e geometrical sources of stiffness such as force couples from flange lateral bracing or
multiple bearings under box girders,

e significant lateral effects in multi-girder bridges.

For guidance on modeling one-dimensional analyses, see Section 3.4.
2.4.3 Two-Dimensional Analysis

Often referred to as grid methods, two-dimensional analysis methods consist at minimum of an
interconnected series of beam elements that represent the major flexural members of a bridge
superstructure and sometimes include the substructure. The deck slab can be either distributed
and included with beam properties or explicitly modeled with shell elements. 2D analyses can
be used simply to determine girder distribution factors with one-dimensional methods used to
complete the design, or utilized to determine both dead load and live load envelopes for
subsequent factoring and limit states checks.

Because 2D models explicitly account for live load distribution based on geometry and element
stiffnesses, loads are more accurately distributed, and resulting designs are potentially less
conservative than those based on the approximate distribution factors in a 1D design. Skew
factors also do not need to be applied, as skew effects are explicitly modeled. See Examples 1
and 2 in Chapter 9 for a comparison of 1D versus 2D design.

2.4.3.1 Basic Grid Analysis

Early grid analyses used networks of line elements in a single plane, as illustrated in Figure 16.
Approximate girder distribution factor methods could be replaced with a method to explicitly
distribute loads based on actual longitudinal and transverse member stiffnesses. The transverse
member stiffnesses in the grid often require the use of an effective stiffness value, for instance
when modeling steel cross-frames, since vertical geometry is not modeled.

30



",

£

Figure 16. Illustration. 2D grid model of three-span continuous steel girder bridge for
Example 2.

A grid requires the development of member properties that proportionally assign the material in
the bridge to the mesh of line elements. By approximating the deck properties into line elements,
the grid analysis does not fully model the membrane stiffness of the deck, but the outputs of
shear, moment, and axial force are compatible with AASHTO design equations. For guidance
on modeling basic grid analyses, see Section 3.5.1.

Even though basic grid analysis is a step up in rigor from a 1D analysis, it still suffers from many
of the same limitations. In some cases, a grid analysis may be acceptable for member design, but
not for calculating camber and deflections at intermediate construction stages. Basic grid
analyses are not appropriate in cases with:

e Large second-order effects, such as compression flange lateral bending stresses,

e Geometrical sources of stiffness such as force couples from flange lateral bracing (pseudo
box) or multiple bearings under box girders,

e Significant lateral effects in multi-girder bridges,

e Significant torsional effects in open section girders,

e  When other than no load fit is used with steel cross frames,

e When large shear membrane forces are present in the plane of analysis.

However, improved grid analysis techniques have been developed to overcome many of these
limitations.

2.4.3.2 Improved Grid Analysis

Over the years, both program enhancements and modeling techniques, not to mention increased
computing power, have resulted in improvements to the basic grid analysis. The plate with
eccentric beam (PEB) model is now commonly used to model multi-girder bridges. This model
combines a line element girder and cross-frame/diaphragm grid with a shell element deck
including the geometric offset of the deck from the girder centroids. A typical PEB model is
illustrated in Figure 17.
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Figure 17. Illustration. 2D PEB model of three-span continuous steel girder bridge for
Example 2, with internally offset girders and cross-frames bolded.

Improved grid models are still typically linear elastic and small deflection, but no longer require
a single material transformed section. Models can use actual gross section material properties,
and explicitly assign separate material properties to the girders and the deck. Varying section
properties in the girders are still usually handled with stepped section properties in the models.

Some programs now have beam elements with definable offsets such that the deck and girders
can be modeled in a single plane, with the offsets providing the geometrical eccentricity,
although rigid links are also effective when the offsets need to be modeled explicitly.
Timoshenko beam elements that include shear deformations allow for improved cross-frame
stiffness approximations, and in some programs, “exact” cross-frame stiffness properties can be
programmed into user defined elements.

Techniques have been developed to calculate effective torsional constants in order to account for
warping stiffness in thin-walled open sections (see Section 3.5.4.1). Use of such techniques
allows calculation of camber and deflections during construction of thin-walled open section
multi-girder steel bridges.

One of the biggest advantages of PEB models is that they can explicitly model the behavior of
structures with large skew or curvature. A PEB analysis requires less compromise and fewer
assumptions in defining the elements of the mesh, and does model the membrane stiffness of the
deck. Modeling the deck as a continuum explicitly captures accurate transverse load distribution
and torsional behavior more easily than a basic grid analysis, where the transverse load
distribution is concentrated at the transverse grid members and the torsional behavior must be
distributed among multiple grid members. Also eliminated is the requirement of assigning an
“effective width” of deck to each girder in order to calculate effective composite stiffness.
Separating the deck from the girders for a composite structure does require the design force
outputs to be aggregated in order to utilize the component based AASHTO LRFD.
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Although modeling the deck and girders separately makes extracting design forces a little more
difficult, improved grid analysis is accurate enough to use for design of most multi-girder
bridges. The improved analysis is not appropriate in cases with:

e Large second-order effects,

e Geometrical sources of stiffness such as force couples from flange lateral bracing (pseudo
box) or multiple bearings under box girders,

e Thermal gradient analyses.

For guidance on modeling PEB analyses, see Section 3.5.2.
2.4.4 Three-Dimensional Analysis

As computing power has increased, the ability to run analyses incorporating larger numbers of
elements has increased as well. This permits more explicit modeling of the members of multi-
girder bridge structures. Now not only can the concrete deck be modeled explicitly, but instead
of using a single line element to model a girder, the web and flanges of a girder can be explicitly
modeled at very accurate geometries. Cross-frames can also be explicitly modeled with multiple
elements instead of single lines of elements with effective stiffnesses. Individual material
properties can be assigned. By modeling thin-walled open sections with multiple elements, both
warping and Saint-Venant torsional stiffnesses can be explicitly accounted for, and
corresponding stresses can be output. Section properties are explicitly modeled, so no stepwise
approximations need be used.

By using a 3D model and explicitly modeling the elements of a bridge, geometrical effects are
accounted for, and reflected automatically in the results. While small deflection analyses are
typical, geometric nonlinearity can be analyzed either within the program, or by running iterative
analyses. Linear elastic material properties are also typical, although many programs can now
automatically iteratively solve nonlinear material problems. If desired, second-order effects such
as web buckling can be determined at a subcomponent level. A typical 3D model is illustrated in
Figure 18. For guidance on modeling 3D analyses, see Section 3.6.
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Figure 18. Illustration. 3D model of three-span continuous steel girder bridge for Example
2.

So why not use 3D analysis for every design? At present, it is not always the most efficient
solution. Although the effort involved in constructing and running a 3D analysis is not much
greater than for 1D or 2D analyses, to then proceed to produce a design from the output is more
of a challenge. One of the main hurdles is that AASHTO LRFD is a limit states design
specification, and often nonlinear behavior such as steel yielding and concrete cracking is
permitted at strength limit states. AASHTO LRFD is also mostly a component design
specification, and extracting compatible design forces from a 3D analysis is still cumbersome for
most programs. In many practical cases the improved accuracy is insignificant and not worth the
additional effort. See comparisons of examples in Chapter 9 of this manual. For most typical
concrete slab on girder bridges, a PEB analysis is still the recommended approach.

3D modeling should be used when more “exact” behavior is desired, and for submodels, such as:

e Local analyses such as details and points of interconnection in the structure where stress
concentrations are apt to be present.

e  Warping torsional stiffness needs to be considered.

e Complex dynamic analyses, when modeling the stiffness and/or the distribution of mass
more accurately is required.

e Complex stability analyses, both global and local.

e (Cases where flange lateral bending is significant.

e Staged construction/fit-up analyses.

Eventually, it is expected that the FEA programs and/or the AASHTO Design Specifications will
evolve to the point where a 3D analysis and design will require negligible additional effort over a
1D or 2D method. At that time, the grid analysis will probably be relegated to one of the
checking methods. Until that time, however, 3D analysis can still be an important tool, whether
for new designs, ratings, or forensic investigations.
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2.5 Refined Methods of Analysis and Reliability

Two issues arise regarding refined analysis and reliability: the impact of using refined analysis
instead of distribution factors on the calibration of the AASHTO LRFD Specifications, and the
effect on achieved reliability for a bridge designed using refined analysis. The AASHTO LRFD
Specification live load and resistance models were calibrated to achieve a target reliability
utilizing the calculated distribution factors in the specification. If a refined analysis such as 3D
finite element analysis (FEA) or plate and eccentric beam (PEB) grillage analysis is used
resulting in different load effects and different size design sections, a different reliability will be
realized. The following sections explore the effects of refined analyses on the design reliability
indices, and what, if anything, should be done about it.

2.5.1 Evaluation of the LRFD Reliability Index

In the case of the resistance, R, and the load effect, Q, both being normal random variables and
satisfying certain limits on the sizes of their coefficients of variation, COV'’s, the reliability
index, B, can be calculated using Equation (2):

(O3 +0, @

where: R =mean or expected value of the resistance

R
é = mean or expected value of the load
o, = standard deviation of the resistance

oy = standard deviation of the load

This equation is a simple expression for the reliability index and can be used to make qualitative
assessments of the effect of varying the method of analysis of live load. The actual calibration
equations used in the development of AASHTO LRFD, based on the Rackwitz and Fiessler
(1978) procedure, were more complex, more general and subject to fewer limitations than the
equation presented here. They are treated further in Nowak (1999) and Kulicki et al. (2007).

The quantitative assessment of the effect of varying the method of analysis of live load presented
here was developed using the same process used in the development of AASHTO LRFD. It is
worth noting that modern calibration calculations usually use the Monte-Carlo method. A
comparison showed that the Monte-Carlo method applied to the full set of bridges used in the
LRFD calibration gave virtually identical reliability indices determined during the original
calibration of AASHTO LRFD (Kulicki et al., 2007).

In specification calibration it is common to assume that the provided resistance of sample bridges
exactly satisfies the code requirements. Using this assumption enables the sum of the specified
factored loads to be used instead of calculating the resistance of sample bridges. The loads
represented by Q in the reliability equation are statistically projected based on nominal loads,
biases and coefficients of variation. The live load is based on extrapolating measured data to the
design life which is 75 years in the case of AASHTO LRFD. Another assumption inherent in the
calibration is that the analysis doesn’t introduce any shifts in the bias factors, or otherwise affect
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the load and resistance distributions, i.e., it’s a perfect mapping from load (probabilistic and
notional) to force effects.

2.5.2 Effect of Refined Analysis on Calibration

Several cases are presented to illustrate the effect of changing the method of analysis used in
AASHTO LRFD on the calibration. The qualitative difference in the reliability index is deduced
from the reliability equation and a quantitative assessment is illustrated for a representative
sample of bridges from the original LRFD calibration.

Case 1 — Design by Simplified Methods: Design with 7% Edition of AASHTO LRFD. This is
the base case. Quantitative results are shown in Table 2 for comparison to the remaining cases.

Case 2 — Design by Refined Analysis: Design with simulated refined analysis results assumed to
be 80 percent of the values from AASHTO LRFD girder distribution factors for both load and
resistance. This illustrates assuming that the refined analysis yielded 80 percent of the live load
moment that the distribution factors yield. In terms of calibration, analysis is a mapping of both
the probabilistic load model (load), as well as the notional loading (resulting in a provided
resistance), to design effects such as moment and shear. For this case, the assumption is that the
refined analysis is used to calculate the effects of the probabilistic load model and the notional
load model.

These changes would affect both R and Q in a similar way in the reliability equation so the
differences compared to the base case would be expected to be small. This is confirmed in
Table 2 by comparing the reliability indices for Case 1 and Case 2. There are slight differences
because the factored HL93 loading, while trend-wise similar to the projected live load, is not
identical to it. Additionally, there are statistical factors applied to the projected live load.

Case 3 — Evaluation by Refined Analysis for Load Effects: Design (provided resistance) based
on the AASHTO LRFD including the use of the current specification supplied distribution
factors but the projected live load on the load side was based on simulated refined analysis
assumed to yield 80 percent of results from AASHTO LRFD girder distribution factors. This
simulates an AASHTO LRFD design evaluated by refined analysis of HL93 loading.
Considering the reliability equation it would be expected that since Q is decreased by use of the
reduced distribution factors, the reliability indices in the case should be higher than Case 1. This
is confirmed in Table 2.

Table 2. Comparison of reliability indices.

Bridge Properties Reliability Index
Girder Type Span (ft) | Spacing (ft) Case 1 Case 2 Case 3
Prestressed Concrete 60 8 3.76 3.76 4.96
Prestressed Concrete 60 12 3.75 3.75 4.94
Prestressed Concrete 120 8 3.64 3.55 4.26
Prestressed Concrete 120 12 3.64 3.56 4.27
Composite steel 60 8 3.71 3.70 4.74
Composite steel 60 12 3.71 3.69 4.69
Composite steel 120 8 3.58 3.51 4.12
Composite steel 120 12 3.55 3.47 4.05
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The results are as would be expected:
e Since the analytical method used in calibration shows up on both sides of the calibration
equation in Case 2, it has little impact on the results compared to the base case;
e When more conservatism than used in calibration is present in the design, either through
live load distribution factors as assumed in Case 3, or through design resistance, the
Reliability Index increases compared to the base case.

2.5.3 Effect of Refined Analysis on Achieved Reliability

The question that may be most relevant to the use of refined analysis in bridge design is: How
does the use of refined analysis during the design phase of a bridge impact the safety of the
constructed bridge? Clearly, if the method of analysis used results in less material in the
structural members, and thus lower resistance, there has been a change in the level of reliability
provided. In order to explore this issue, the difference between the target reliability index, and
the achieved reliability for any particular bridge can be evaluated.

The AASHTO LRFD Specifications are intended to address the design of a broad range of
bridge components. Some, such as a simply supported girder in a two-girder cross-section, are
statically determinate in both the longitudinal and transverse directions, and thus the load effects
can be easily determined through simple statics. Others, such as a continuous girder in a multi-
girder cross-section, are statically indeterminate in both the longitudinal and transverse
directions. In the first instance, any analysis method should produce a result that is essentially
identical and result in the target reliability. For the second example, the use of approximations
and simplifications can introduce differences between calculated and actual load effects. The
framers of the specifications were very careful to ensure that what differences do develop result
in conservative estimates of design effects when using these approximate methods, such as the
distribution factor method. As a result, the use of approximate methods will generally cause the
achieved reliability index of a structure to be higher than the target value.

Referring to Case 3 above, if an approximate analysis results in a resistance being 25 percent
higher than required to achieve a target reliability index of 3.5, the achieved reliability index can
range from about 4.0 to almost 5.0. There are many instances in the AASHTO LRFD
Specifications, and the Standard Specifications before them, where an approximate method is
given in lieu of a more refined one, with the understanding that the approximate method will
produce more conservative results. This occurs both in terms of analysis of load effects as well
as determination of resistances. When a designer chooses to use an approximate method, the
design force effects will tend to be conservative, resulting in larger design forces. It should come
as no surprise that the design will have an increased resistance, and therefore a higher
reliability, due to the higher ratio of resistance to actual demand.

It is important at this point to consider the degree of conservatism that may or may not be present
in the distribution factor method. The examples contained in this manual do show that a
relatively significant amount of savings is available when more refined analysis methods are
used, but previous studies have indicated smaller differences (Zokaie, 2000). LRFD distribution
factors tend to be more conservative resulting in greater differences with refined analysis
distribution when the lever rule is used or at the limits of applicability of the LRFD distribution
factors (Yousif, 2007). In any event, for structures that have less indeterminacy, the achieved
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reliability index has always been closer to the minimum target level, and that has been deemed
acceptable, and there has not been any indication that the level of achieved reliability has
resulted in problems.

The replacement of an approximate method during the design process with a presumably more
accurate refined method can thus be thought of as moving the achieved reliability of the structure
toward the target minimum reliability index from a higher value. A question can be raised
regarding whether this is beneficial overall. The target strength reliability index of 3.5 was set
based on successful past design practice. It could be argued that the effects of the approximate
method of analysis (distribution factor and line girder analysis) were inherent in setting the
target level, and thus any reduction in the conservatism of those methods would result in
unacceptably low values of the reliability index. However, as noted above, the level of reliability
would be approaching that of simpler structures for which the calculation of load effects are
more straightforward, and these have historically performed well.

The discussion thus far has been regarding the use of refined analysis in determining the load
effects on a structure. The same arguments also apply for the case when refined methods are
used to determine the resistance of a structure or component.

In summary, the effect of utilizing refined analysis in the design of a bridge does reduce the
achieved reliability, however the target value of 3.5 is approached from above, resulting in a
structure with an acceptable level of reliability. Assuming the analysis is performed correctly, a
reduction in reliability should not be a reason to avoid using refined methods.
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CHAPTER 3. GENERAL GIRDER BRIDGE MODELING
3.1 Introduction

Finite element modeling and analysis of a bridge can provide fast, accurate, easily modified
results, but also can become a time and resource intensive process. The following assumptions
commonly made in routine bridge engineering analysis are not necessary to perform a finite
element analysis, but often are employed to make the design process more efficient:

e Isotropic, linear elastic materials
o Properties are the same in all directions
o Stress and strain are related by a constant, the modulus of elasticity, E, no
material nonlinearities
e Plane sections remain plane and section properties remain constant
o Shear deformations are small enough to be neglected
o Torsional warping is small enough to be neglected
o Sections do not change due to cracking or yielding during analysis
¢ Boundary conditions are considered either fully restrained or fully unrestrained
o Each of the 6 degrees of freedom are generally either unyielding or free to move,
although in some cases partial restraint and/or prescribed displacements may be
utilized
o Restraints applied at bearing locations and joints between members
e Loads remain constant in direction and magnitude
o Second-order effects are small enough to be neglected or
o Second-order effects are accounted for using correction factors — no geometric
nonlinearities
e Superposition of loads is valid since material or geometric nonlinearities are negligible,
effects are load path independent.
o Load effects can be factored
o Load effects can be added
e Bridge live loadings can be approximated with concentrated point and distributed loads

Not adhering to the above assumptions can result in a more accurate analysis, but at a cost of
more effort, especially when the analysis becomes nonlinear. Linear analyses, when
extrapolation and superposition are valid, allow a number of loadcases to be checked based on a
handful of analyses. A nonlinear analysis, where extrapolation and superposition are not valid,
can only evaluate a single loadcase. The analyst must determine when the increased accuracy is
worth the increased effort. The optimal model is the one that provides the desired accuracy, with
the minimal amount of refinement. A certain amount of accuracy is required to avoid
compromise of the design reliability index, . With refinement, comes increased effort and
chance for error in the analysis. Good judgment is required not only when balancing accuracy of
results versus computational effort, but when assessing whether the results obtained are
reasonably accurate.

The following sections will provide generalized guidelines to use when modeling slab-girder

bridges to determine bending moments, shears, and displacements for use in conjunction with
the AASHTO LRFD.
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3.2 Mesh Generation

The mesh, the nodes and elements connecting them, of a finite element model is arguably its most
important aspect. It should go without saying that the mesh should allow the geometrical aspects
and stiffness of the structure to be modeled. Keep in mind, however, that the model is a
numerical representation. While it generally may “look™ like the structure being modeled, the
important aspect is that it “behaves” like the structure being modeled. This means getting the
stiffness and load effects of the model correct, and it may include elements superimposed on
each other, or placed where they would “interfere” with each other in the actual structure.

In general, nodes should be located as close to the centroids of elements being modeled as
possible, although some programs allow eccentricities to be used to place element centroids at
the correct location. Meshing models consisting only of line elements is fairly simple with nodes
along element centroids, at intersections with other elements, and at boundaries. Meshing
models with plate or shell elements should place nodes at the mid-plane of the elements in a
regular rectangular grid if possible. Meshes should be kept as simple and regular as practicable.

Proper meshing can result in efficiencies in both solving and interpreting results of a model. As
mentioned in Section 2.3.2, the number of nodes and corresponding degrees of freedom (DOF),
have a direct effect on computation effort. The mesh should have sufficient nodes and elements
to provide sufficient accuracy without extra computational effort. Advice on number of elements
in models to try to achieve this goal is given in the following sections. Secondary considerations
which would lead the analyst to control mesh generation include:

e Locating nodes where loads are to be applied,

e Locating nodes where output is desired,

e Locating nodes to facilitate interfacing with adjacent elements, such as diaphragms in
concrete bridges, or stiffeners and cross-frames in steel bridges.

e Locating nodes where it is anticipated that a later iteration of the model will require a
node, or

e Orienting the mesh in order to obtain stresses in a specific direction.

In general, meshing of line elements is less critical than meshing of surface or volume elements,
due to the number of DOF involved. The mesh can be generated either manually by the user or
automatically by the finite element program or a combination of the two.

3.2.1 Manual

Manually generating the mesh can be a long, tedious process depending on the size and
complexity of the model. In this method, the engineer manually generates every node and every
element. Although potentially time-consuming and error prone, manual generation ensures that
the mesh is exactly the way it is intended, as every node and element is individually generated.
The process can be expedited by using spreadsheet generated text input files. Use of this method
has decreased for complex models due to improvements in automatic meshing features.
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3.2.2 Automatic

Many finite element programs are capable of automatically generating nodes and elements.
Automatic meshing has the potential of increasing the economy of the analysis as the time-
consuming process of generating many of the nodes and elements is done by the software.
Automatic meshing is particularly suited for generating large areas, especially large irregularly
shaped areas of plate or shell elements. Two methods of automatic meshing exist, free meshing
and mapped meshing.

3.2.2.1 Free Mesh

Free meshes have no restrictions on element shape (i.e., both triangles and quadrilaterals may
appear in the mesh) and the elements do not necessarily appear to be in any particular
recognizable pattern. A free mesh can be applied to regularly and irregularly shaped surfaces.
Figure is an example of a free mesh; all of the elements happen to be quadrilaterals but no
pattern is visible in the elements.

Figure 19. Illustration. Example of a free mesh.

3.2.2.2 Mapped Mesh

A mapped mesh uses only one element shape (i.e., all triangles or all quadrilaterals) and the
elements appear to follow a pattern. If a mapped mesh is desired, developing surfaces with
regular shapes will aid in the meshing of the surface. Figure 20 is an example of a mapped
mesh; all elements are quadrilaterals and are in obvious rows of elements. To use a mapped
mesh, it may be necessary to define the number of elements along each edge of the surface.
Mapped meshes are commonly used for bridges due to the regularly shaped surfaces of girder
webs and concrete decks.
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Figure 20. Illustration. Example of a mapped mesh.

3.2.3 Semi-Automatic

Semi-automatic refers to a combination of manual generation, possibly by text input, combined
with automatic local mesh refinement. This combines the ease and speed of automatic
generation with the control of manual generation.

3.2.4 Transition Meshes

Often refined models are used when stresses are desired at localized regions of a large bridge.
Rather than modeling the entire structure with a fine mesh for such localized results, the mesh
can be transitioned into a much coarser mesh away from the area of interest. This can greatly
decrease solution times for the model while maintaining accuracy. Figure 21 illustrates some
examples of transition meshes.

Another method of transitioning is to use multi-point constraints to enforce compatibility
between a denser and coarser mesh across a common edge or surface boundary. An example of
this would be transitioning from a shell element mesh to a line element mesh of a wide flange
beam. Constraints can be used to enforce compatibility between the single node at the end of the
line element and the multiple nodes at the end of the shell element mesh.

For advanced users, some programs may have additional methods of transitioning between
meshes. Program literature should be consulted and models verified when using program
specific techniques.
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Figure 21. Illustration. Examples of transition meshes.

3.3 Material Properties

The two most commonly used materials in bridge construction, steel and concrete, are typically
assumed to be isotropic materials for the purposes of analysis. An isotropic material is
considered to have the same material properties (Young’s Modulus, Poisson’s ratio, etc.) in all
directions. Although reinforced concrete in reality is orthotropic, differences that arise in load
effects from ignoring the reinforcing and assuming isotropic gross section properties can be
safely neglected in most analyses.

Anisotropic materials have different material properties depending on the orientation of the
material. Wood or fiber reinforced composites are examples of anisotropic materials. For an
anisotropic material it is important that the material properties are oriented along the appropriate
member axes. Anisotropic materials are not considered herein.

For typical design, only linear-elastic material behavior is required, but many programs also have
non-linear and inelastic material property capabilities for modeling such things as yielding of
steel or creep in concrete.

3.4 One-Dimensional Analysis

For bridges that satisfy the AASHTO LRFD limitations, one dimensional analyses are fairly
simple to create. Typically there are two types of bridges where a one-dimensional analysis may
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be appropriate; multi-girder bridges where a single representative girder is analyzed, and
bridges that have a torsionally stiff cross-section and can be analyzed as a single spine beam. In
spine beam analyses, beam elements located at the centroid of the section are used to follow the
geometry of the girder or bridge cross-section as seen in plan. An effective girder section is
normally utilized for a one dimensional analysis with the deck area contribution transformed into
an equivalent area of girder material using short term or long term modular ratios as appropriate.
Multiple models can be used for various stages of construction.

Multi-girder structures modeled as a single representative girder are typically analyzed using a
single lane of traffic loading, applying appropriate approximate distribution and multiple
presence factors to the load effects to achieve a conservative design. AASHTO LRFD Article
4.6.2.2 contains equations for distribution for most common design cases, which are generally
based on girder spacing, aspect ratio of girder spacing to length of span, and ratio of longitudinal
stiffness to transverse stiffness. Additional correction factors contained in AASHTO LRFD
Article 4.6.2.2 can be applied to account for skew.

In most cases using distribution and multiple presence factors assumes the same loading in all
lanes. For cases where special loads such as permit or legal loads are mixed with regular traffic,
force effects can be determined using the proportional distribution method described in
AASHTO LRFD Article 4.6.2.2.5.

Straight girders can be analyzed with any continuous beam analysis program, as well as general
purpose finite element programs. The suggested minimum number of elements per span is eight.
Often getting results at the tenth points is required, so using at least ten elements per span is
recommended. Loads are applied to the model at nodal locations, so using more elements will
result in more accurate results, at little additional expense, but the increased accuracy is generally
negligible. As always, engineering judgment is required.

As stated earlier in Section 2.4.2, according to Article 12.4.2.1 in the PCI Bridge Design Manual,
bending moments in curved concrete beams from longitudinal flexure are virtually the same as
those for a straight beam of span equal to the arc length between supports and therefore straight
beam analysis can be used for preliminary design. Similarly per AASHTO LRFD Article
4.6.1.2.4b-1, curved steel multi-girder bridges that rely on transfer of load between girders to
resist torsion can be analyzed as straight for major axis bending and shear with a span length
equal to the arc length if the following conditions are met:

For I-girders:

e Girders are concentric

¢ Bearing lines are not skewed more than 10 degrees from radial

e The stiffness of the girders is similar — This requirement is to ensure that there is
relatively equal sharing of loads among girders, but AASHTO provides little guidance on
what the difference can be. If there is suspicion that girders are not similar enough, a
simple curved girder refined model can be used to check load distribution. When in
doubt, use a curved girder model rather than the straight approximation described here.

e For all spans, the arc span divided by the girder radius in feet is less than 0.06 radians,
where the arc span Las, is taken as:
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o Arc length of the girder for simple spans
o 0.9 times the arc length for end spans of continuous members
o 0.8 times the arc length for interior spans of continuous members

For box girders:

Girders are concentric
Bearing lines are not skewed
The girder depth is less than the width of the box at mid-depth
For all spans, the arc span divided by the girder radius in feet is less than 0.3 radians,
where the arc span Las, is taken as:
o Arc length of the girder for simple spans
o 0.9 times the arc length for end spans of continuous members
o 0.8 times the arc length for interior spans of continuous members

The AASHTO LRFD gives some guidance on modeling curved spine beams. Multiple straight
elements can be used to approximate the curvature of curved structures in plan. AASHTO
LRFD Article 4.6.1.2.2 applies to horizontally curved torsionally stiff single girder
superstructures except concrete box girders.

For concrete box girders, Article 4.6.1.2.3 of the AASHTO LRFD states that horizontally curved
concrete box girders may be designed with straight segments, for central angles (see Figure 22)
up to 12 degrees within one span, unless concerns about other force effects dictate otherwise. It
also states that horizontally curved nonsegmental concrete box girder bridge superstructures may
be analyzed and designed for global force effects as single-spine beams with straight segments,
for central angles up to 34 degrees within one span.

Pier

Centerline Pier

of Bridge

Abutment Abutment

Center of
Curve

Figure 22. Illustration. Definition of central angle (adapted from AASHTO, 2014).

Article 4.6.1.2.3 of AASHTO LRFD also states that horizontally curved segmental concrete box
girder superstructures meeting the requirements of AASHTO LRFD Article 4.6.1.1, and whose
central angle within one span is between 12 degrees and 34 degrees may be analyzed as a single-
spine beam comprised of straight segments provided no segment has a central angle greater than
3.5 degrees as shown in Figure 23. For both segmental and non-segmental box girder bridges
with central angles exceeding 34 degrees within any one span, or for bridges with a maximum
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central angle in excess of 12 degrees with unusual plan geometry, the bridge should be analyzed
using 6 degrees of freedom in a proven three-dimensional analysis method.
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Figure 23. Illustration. Three-dimensional spine model of curved concrete box girder
bridge (adapted from AASHTO, 2014).

Section 9.4 shows an example of the analysis of a cast-in-place concrete box girder spine beam.
The example problem reproduces the results of an example problem in NCHRP Report 620 (Nutt
et al., 2008). For more detailed information, see NCHRP Report 620.

3.5 Two-Dimensional Analysis
3.5.1 Basic Grid Analysis

Performing a grid analysis consists of concentrating the longitudinal and transverse stiffness
properties of the bridge structure into a network of line elements in a plane. Grid analyses can
be used to model slab and voided slab bridges, but this manual will concentrate on grid models
for slab-on-girder bridges. Any slab-on-girder bridge with any support conditions, skew or
curved, can be analyzed. For more information on grid analysis see (Hambly, 1976), and
(O’Brien and Keogh, 1999).

There are essentially four steps in grid analysis:

e Idealize the structure into an appropriate equivalent grid of line elements.

e Calculate and assign section properties to achieve equivalent approximate longitudinal
and transverse structure stiffness.

e Apply loads.

e Analyze and extract distribution factors or design force effects.

Multiple grid models can be utilized to analyze bridges for different stages of construction.
3.5.1.1 Elements and Geometry

Beam elements are used to model the network of longitudinal and transverse lines in the planar
grid. At minimum the number and location of longitudinal grid lines should be coincident with
the number and location of longitudinal girders, as illustrated in Figure 24. Additional
longitudinal lines can be added between widely spaced girder lines to improve live load
placement accuracy, and is recommended to account for the full area of deck if the effective
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width of deck used in calculating section properties is significantly less than the actual spacing of
girders, as shown in Figure 25.

Figure 24. Illustration. Grid model with element at longitudinal girder lines.
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Figure 25. Illustration. Grid model with additional elements between longitudinal girder
lines.
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Edge lines can be provided at or near the edge of the deck when integral barriers or edge
stiffening is present, as illustrated in Figure 26. For bridges with sidewalks, longitudinal lines
should be provided at the center of the sidewalks, although the contribution of the sidewalk to
the stiffness of the bridge may or may not be neglected, depending on the analysis.

I—
L 1 1 J

Figure 26. Illustration. Grid model with additional stiffening elements along the edge of
deck.
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Curved structures can be modeled either with curved elements or approximated with a series of
straight elements between transverse lines, as shown in Figure 27. When using straight elements
to approximate a curved beam the maximum recommended central angle for the elements is 3.5
degrees, similar to spine beams as illustrated in Figure 23.

Figure 27. lllustration. Curved grid model.

At minimum, transverse lines should be provided at all cross-frame/diaphragm locations,
including at supports. As with the longitudinal elements, when the effective width of deck
included with the cross-frames/diaphragms does not encompass the full length of deck,
additional lines can be added between cross-frames/diaphragms in order to account for the full
area of deck slab. Additional transverse lines may also be required at intersections of straight
elements approximating a curved structure. If no cross-frames/diaphragms are present, the
transverse line spacing is somewhat arbitrary, but recommendations in the literature range from
1/4 to 1/9 of the effective span length.

Recommended spacing of transverse grid lines ranges from the longitudinal girder spacing for
small aspect ratio bridges (short/wide) to twice the longitudinal girder spacing for large aspect
ratio bridges (long/narrow). The recommended number of transverse lines per span is preferably
odd (even number of spacings), with a minimum of seven (Wong, 2010). Often it is convenient
to place nodes at the tenth points of each span, as forces and deflections are often required at
those locations. Transverse lines preferably should run full width of the grid, but adjustments
can be made for staggered cross-frames.

The orientation of transverse lines preferably should be normal to the longitudinal lines of the
grid. For skewed bridges when the angle of skew is less than 20 degrees, transverse lines should
be parallel to supports, although transverse section properties can be calculated as if lines run
orthogonal to longitudinal girders, see Figure 28(a). For skews greater than 20 degrees, the
transverse lines should run parallel to the supports for small aspect ratio bridges, and orthogonal
to the span for large aspect ratio bridges, as shown in Figures 28(b) and (c¢) (Wong, 2010).
Transverse lines do not need to be equally spaced, but regular spacing contributes to simpler
analyses.
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Figure 28. Illustration. Orientation of transverse grid lines.

Supports should be placed at the locations of bearings. Support conditions can be very
important, especially for highly skewed bridges, as small reactions and potential uplift can occur
at acute corners, and large reactions at obtuse corners can result in having to design for large
shear forces. While it is conservative to design for these large forces, modeling supports with
spring stiffnesses approximating the actual bearing stiffness rather than using unyielding
supports will distribute the load more realistically and can reduce the extreme reactions (see
Section 3.7.2). Reactions may also be reduced by adjusting cross-frame geometry (see Section
3.5.3).

3.5.1.2 Section Properties

Longitudinal section properties are calculated about the centroid of the composite transformed
section. Note that even though the centroids of all longitudinal lines may not lie in the same
plane, they are still modeled as such. Section properties are generally based on the gross
uncracked concrete properties for girders and decks, although the effective width of deck based
on AASHTO LRFD Article 4.6.2.6 or a rational analysis should be used. In some regions, such
as over interior supports of a composite concrete deck steel girder bridge, cracked section
properties can be used, although it is generally not necessary. If using cracked section properties
over an interior support, the properties should extend approximately 15 percent of the length into
each span.

Because the longitudinal properties are represented in the longitudinal lines and the transverse
properties in the transverse lines, basic grid models can easily accommodate orthotropic
properties if desired. When dissimilar materials are used, a transformed area using modular
ratios based on short term or long-term properties may also be appropriate.

Torsional stiffness is important in a grid analysis, as the model geometry does not provide the
appropriate stiffness utilizing moment couples separated by structure width/depth, especially for
the contributory width of deck in each element. The torsional stiffness of each longitudinal line
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is equal to the sum of the torsional stiffnesses of each girder and contributory width of deck. The
girder torsional stiffness can be calculated using the equations of AASHTO LRFD Article
C4.6.2.2.1 (also see Section 3.5.4 of this manual). The contribution of a width, b, of deck
thickness, d, to the torsional stiffness is half that of the typical theoretical value for a thin-walled
beam element, i.e. ] = bd*/6 (Hambly, 1976). The reason is because the slab includes only the
contributions of shear flow at the top and bottom faces, while for a discrete element the shear
flows at the ends are included as well. Note that the modular ratio needs to be applied when
mixing dissimilar materials.

Transverse section properties are calculated similarly to the longitudinal properties. If no cross-
frames/diaphragms are present, the contributory width of concrete deck slab is used to calculate
moment of inertia and torsional constant. When a cross-frame/diaphragm is present, an estimate
of the effective width of deck slab acting with the cross-member needs to be made. A reasonable
estimate is that the effective width is 0.3 of the distance between longitudinal members (Hambly,
1976), with any remaining portion of deck represented in additional cross-members. For a
diaphragm, such as the typical concrete diaphragms from Example 1 shown in Figure 29,
calculating the section properties is straightforward, similar to a longitudinal member. For cross-
frames, such as the typical steel cross-frames from Example 2 illustrated in Figure 30, the
stiffness of the multi-member cross-frame must be approximated by a single line element.
Several methods of approximating the stiffness are detailed in Section 3.5.3 of this manual.
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Figure 29. Illustration. Typical concrete diaphragms.
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Figure 30. Illustration. Typical steel cross-frames.

3.5.1.3 Loading and Results

A grid model is generally loaded with vertical loads only which can be placed at the nodes or
along the elements. Dead loads should be distributed to grid elements based on tributary
distances, with care being taken to not double count by assigning the same load to both
longitudinal and transverse members. Live loads that fall in between grid elements can be
distributed to the nodes. Ideally a statically equivalent loading should be applied, but in
practice, distributing vertical loads to adjacent nodes based on ratios of geometric distance is
usually sufficient, although shear forces near supports may be underestimated due to the
distribution of the nodal load directly to the support. Some programs can automatically
distribute live loads to the grid, greatly reducing the modeling effort required. See Chapter 7 of
this manual for more information on loading.

Once the analysis has been performed, design loads must be extracted. Due to the torsional
resistance of the transverse members, there will be “steps” in the moment diagrams of the
longitudinal girders. If the node is a location of a transverse cross-frame/diaphragm, use the
actual output moment values. If the node is a location where the transverse member only
represents the slab, average the girder bending moments on either side of the node (Hambly,
1976).

Shortcomings of the basic grid analysis include (Hambly, 1976):

e Transfer of shear between longitudinal girders through the deck cannot be effectively
modeled. Some effects of this are:

o Shear forces in the deck slab are underestimated.

o Load distribution and resulting axial forces in the girders are incorrect as
longitudinal inter-beam shear and axial forces which would result in couples
reducing the moment in loaded beams and increasing moments elsewhere cannot
be transferred.
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e Warping torsion not modeled.
e 3D cross-frame behavior is approximated with single line elements.

3.5.2 Plate with Eccentric Beam

A PEB analysis is a refinement of the basic grid analysis that explicitly models the deck slab and
girders separately. The depth of the structure is accounted for by locating the deck slab “plate”
and the longitudinal girder “beams” at their respective centroids, such that the girders are
“eccentric” to the deck plate as illustrated in Figure 31.

Figure 31. Illustration. Portion of typical concrete slab on girder bridge and PEB model
with explicit shear connection elements (diaphragms not shown for clarity).

The PEB analysis eliminates some of the shortcomings of the basic grid analysis and improves
the stiffness properties of the model. The presence of a continuous deck in a PEB analysis
enforces compatibility between girders and allows the transfer of longitudinal shear forces
between girders. Explicitly modeling the deck also means that composite behavior no longer
needs to be approximated using effective widths and modular ratios. Given an appropriate mesh
size it will be automatically modeled using the material properties and geometry of the deck and
girders. Modeling the deck explicitly does make it harder to assign orthotropic properties such
as cracked section properties in one direction to the deck if so desired. For long term loads an
effective modular ratio factor may still need to be accounted for in the model as well.

For routine design of most typical concrete slab on beam bridges when accuracy beyond the
approximate distribution factor approach is desired, the PEB is the recommended refined
analysis model. The PEB may also be appropriate in cases where a structure exceeds the limits
of applicability of the approximate distribution factors.

3.5.2.1 Elements and Geometry

The PEB model locates beam elements along the centroids of longitudinal girder lines. Beam
elements are also used to connect the longitudinal elements transversely at cross-
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frame/diaphragm locations, if present. Shell elements are used to model the concrete deck over
the entire length edge to edge. Volume elements could also be used, but would result in an
inefficient solution due to the large increase in DOF and minimal increase in accuracy involved.

Although the deck and the girders/cross-members are modeled eccentric to each other in the PEB
model, depending on the software being used, and the connectivity of the deck, lines may be in
the same plane, or in different planes. If the software supports element eccentricities, the
eccentricity can be defined in the element properties and all lines can be in the same plane. If
element eccentricities are to be explicitly modeled, elements or links can be used to connect the
deck and the girders/cross-members, and the deck lines and the girders/cross-member lines can
be located in different planes.

The number of elements used to model the girders and the deck are interrelated, as the two are
connected at nodal locations. At a minimum, nodes should be located at the tenth points of each
span, as forces and deflections are often required at those locations. The number of elements
used along the length of the bridge for the deck slab should be the same as that for the
longitudinal girder elements where composite action is to be modeled. The number of
longitudinal elements should be such that a reasonable aspect ratio is obtained. Up to 5 to 1 is
usually acceptable, although approaching 1 to 1 is best. At minimum there should be two shell
elements between each line of girders in order to capture shear lag behavior.

A deck on a skewed bridge can be oriented as a skewed mesh or an orthogonal mesh (see Figures
32 and 33). Typically element orientation is not critical as the shell elements are isotropic in-
plane. For simplicity the deck elements are usually oriented in the same direction as the cross-
frames or diaphragms. The node locations of the mesh must be compatible with the node
locations of other elements of the model. Quadrilateral elements will provide good results until
they become highly skewed, e.g. corners more acute than 45°, at which point triangular elements
become more appropriate.
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Figure 32. Illustration. Orthogonal mesh. Figure 33. Illustration. Skewed mesh.

When full composite action is to be modeled, the girder elements should be rigidly connected to
the deck slab elements. If the deck slab is modeled at the same elevation as the girders and an
offset used to achieve the correct location, composite action will be automatically achieved
through the use of common nodes. Otherwise the composite behavior can be accomplished by
using rigid link constraints or stiff beam elements, with one element per location of
corresponding nodes connecting the girder elements and the slab elements. Care should be taken
when using stiff beam elements, as overly stiff elements can introduce calculation errors in some
cases. For non-composite girders, link elements with little shear resistance can be used.
Elements with no shear resistance can be used if steps such as providing shear resistance at a
single point are also taken to avoid a mechanism, i.e. zero resistance in a given direction.
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While the vertical eccentricity of the girders and deck is explicitly considered, the vertical
eccentricity of the support conditions may or may not be explicitly modeled. For vertical
loadings, modeling the vertical eccentricity of the supports is typically not important (see Section
3.7.2).

3.5.2.2 Section Properties

Girder section properties are calculated about the centroid of the longitudinal girders. Section
properties are generally based on the gross uncracked properties for concrete girders. In some
regions, such as over interior supports, cracked or effective section properties can be used if a
reduced stiffness is more realistic. Deck section and stiffness properties are calculated by the
program based on geometry and material properties with no need for transformed properties.

Transverse member properties are calculated about the centroid of diaphragms, even though the
transverse member connects the centroids of the longitudinal members. For cross-frames, the
stiffness of the multi-member cross-frame must be approximated by a single line element. As
mentioned previously, several methods of approximating the stiffness are detailed in Section
3.5.3 of this manual. As with the longitudinal members, deck section and stiffness properties are
calculated by the program based on geometry and material properties.

Torsional stiffness is important in a PEB analysis, although not quite as important as in a grid
analysis, as the model geometry provides the appropriate stiffness contribution of the deck
automatically. The girder and diaphragm torsional stiffnesses can be calculated using the
equations of AASHTO LRFD Article C4.6.2.2.1 (also see Section 3.5.4 of this manual).

3.5.2.3 Loading and Results

A PEB model can be loaded with both vertical and horizontal loads, although boundary
conditions should be modeled at their correct elevation if horizontal loads are to be applied.
Dead loads can be assigned automatically based on cross-sectional areas, or using concentrated,
line, or area loadings. Live loads that fall in between nodes of shell elements can be distributed
to the nodes, either automatically or manually. As previously mentioned, ideally a statically
equivalent loading should be applied, but in practice, distributing vertical loads to adjacent nodes
based on ratios of geometric distance is usually sufficient, although shear forces near supports
may be underestimated due to distribution of nodal load directly to the support. See Chapter 7
for more information on loading.

Once the analysis has been performed, load effects must be extracted. In a PEB analysis,
composite forces in the discretized girder and deck elements must be summed back to the shears,
moments, and axial forces for each composite member of the bridge as recognized by the
AASHTO LRFD. Integrating stresses over the contributory deck width to determine forces, and
summing force outputs of the deck and girders, may be required to calculate the design load
resultants, or the demands on a given component, in order to compare to AASHTO LRFD limit
states. For more information see Chapter 8 of this manual.

As with the basic grid, if the transverse members have torsional resistance, there will be “steps”
in the moment diagrams of the longitudinal girders.
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Shortcomings of the PEB analysis include:

e Warping torsion not modeled, although approximations can be made.
e 3D cross-frame behavior is approximated with single line elements.

3.5.3 Diaphragm / Cross-frame Stiffness

Steel or concrete diaphragms can be modeled simply by using beam elements representative of
the entire diaphragm cross-section. An element formulation that includes shear deformation is
recommended, especially for short deep members. Depending on the element formulation, one
element may be sufficient to capture the forces in the diaphragm, with more elements required to
capture the deflected shape.

Steel truss-type cross-frames are open web members consisting of a bottom chord, one or more
(often two) diagonals, and possibly a top chord. In a grid or PEB analysis, the entire cross-
frame is represented by a single member. While this single member should approximate the
behavior of the actual cross-frame as closely as possible, accurately modeling the stiffness is
more important for curved or skewed bridge geometries than for straight square bridges.

Cross-frames in skewed bridges can act as alternative load paths and distribute vertical loads
transversely. Depending on the skew and the width-to-span ratio, the effects of the transverse
load distribution due to this “nuisance stiffness” can be quite severe (Coletti, 2011). Orienting
the cross-frame on the skew, or staggering cross-frames in adjacent bays can help mitigate this
problem (Krupicka, 1993).

NCHRP Report 725 details various methods for calculating equivalent section properties in order
to represent cross-frames with a single member (White et al., 2012). The methods include:

e Assume cross-frame is loaded predominantly in flexure and calculate an equivalent
moment of inertia,

e Assume cross-frame is loaded predominantly in shear and calculate an equivalent
moment of inertia,

e Assume cross-frame has both significant flexural and significant shear deformations and
approximate both the moment of inertia and an effective shear area, and

e (alculate the exact equivalent stiffness and define the entire stiffness matrix of a user
programmable element.

The flexural stiffness method models the cross-frame as a propped cantilever subject to a
moment at the propped end to determine the cross-frame stiffness properties. The moment is
modeled by a unit force couple as shown in Figure 34. The model utilizes truss elements for the
cross-frame members. The left side of the cross-frame is restrained both vertically and
horizontally at the top and bottom, while on the right side the nodes are only restrained
vertically.
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Figure 34. Illustration. Intermediate cross-frame model - flexural stiffness.

The rotation, 0, is calculated using the sum of the horizontal deflections (from the analysis
model) divided by the height of the cross-frame; this is equal to (A1+Az)/depth for small
deflections. The effective bending stiffness of a single element Iy is determined using Equation
(1):
ML
* "m0 M

where: Ib = equivalent moment of inertia
M = moment due to unit force couple = 1xdepth
L = length between girders
E = steel modulus of elasticity
0 = rotation due to unit force couple = (Ai1+Az2)/depth

The shear stiffness method models the cross-frame as a cantilever fixed at one end and free to
deflect vertically but not rotate at the other end to determine the cross-frame stiffness properties.
A unit load is applied to the end that is free to deflect as shown in Figure 35. The model utilizes
truss elements for the cross-frame members. The left side of the cross-frame is restrained both
vertically and horizontally at the top and bottom, while on the right side the nodes are only
restrained horizontally.
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Figure 35. Illustration. Intermediate cross-frame model - shear stiffness.

The effective bending stiffness of a single element Is is determined using Equation (2):

P LH

=
12EA @)

where: [s = equivalent moment of inertia
P = unit force
L = length between girders
E = steel modulus of elasticity
A = vertical deflection

For programs where beam elements incorporating shear deformations (Timoshenko formulation)
are available, a second independent variable, the shear area, can be used to more accurately
model the cross-frame. The following method can be used to determine an effective bending
stiffness and an effective shear area.

The effective bending stiffness based on an effective moment of inertia is determined by
modeling the cross-frame as a cantilever, similar to Figure 34 but with no restraints on the free
end, and subjecting it to a force couple as illustrated in Figure 36.
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Figure 36. Illustration. Intermediate cross-frame model - flexural stiffness.

The rotation, 6, is calculated using the sum of the horizontal deflections (from the analysis
model) divided by the height of the cross-frame; this is equal to (A1+A2)/depth. In the shear-
deformable beam approach leq is determined using Equation (3):

I ML

where: leq = equivalent moment of inertia
M = moment due to unit force couple = 1xdepth
L = length between girders
E = steel modulus of elasticity
0 = rotation due to unit force couple = (Ai+Az2)/depth

The equivalent shear area is determined by modeling the cross-frame as a cantilever, similarly to
Figure 35 but with no restraints on the free end, and subjecting it to a unit vertical shear at the
free end, as illustrated in Figure 37.
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Figure 37. Illustration. Intermediate cross-frame model - shear stiffness.

The equivalent shear area is then calculated using Equation (4):

VL
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where: Aeq = equivalent area
A = deflection due to unit force
V = unit force
L = length between girders
E = steel modulus of elasticity
leq = equivalent moment of inertia
G = shear modulus of elasticity = E/[2X(14+V)]
v = Poisson’s ratio

Connection stiffness and second-order stiffness softening can also be taken into account per
AASHTO LRFD Article C4.6.3.3.4 (Wang et al., 2012). In lieu of a more accurate analysis, the
equivalent stiffness (AE)eq of equal leg single angles, unequal leg single angles connected to the
long leg, and flange connected tee-section members may be taken as 0.65AE in whichever
effective beam analysis is chosen.

The choice of which equivalent element to use depends on the elements available, the cross-
frame geometry, and level of accuracy required. Using the bending stiffness or the shear
stiffness method is common if the program being used only has Euler-Bernoulli beam elements,
and bending stiffness EI is the only adjustable variable. Generally, the flexural method should
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be used when the cross-frame is relatively long and shallow and dominated by bending behavior,
and the shear method should be used when the cross-frame is relatively short and deep and
dominated by shear behavior. It is ultimately up to the judgment of the engineer, who best
understands the type of deformation occurring at the cross-frame, to choose the most appropriate
model for that specific behavior.

When available, the shear deformable (Timoshenko) beam approach utilizing both leq and Aeq is
recommended for modeling cross-frame stiffness for routine bridge design. If an “exact”
element is required, the procedure to define the entire element stiffness matrix of a user defined
element is detailed in NCHRP Report 725 (White et al., 2012). The additional effort required for
the use of an “exact” element is rarely justified, but for bridges with high skews or curvature,
calculating accurate forces in cross-frames is important. In order to determine the forces in the
multiple cross-frame members based on the forces in an equivalent single member, see Section
8.2.5.

3.5.4 Handling Torsional Stiffness in 2D Models

The method by which torsion is handled in 2D finite element models is important because of the
two sources of torsional stiffness, Saint-Venant and warping. Saint-Venant torsion theory
assumes the following:

Torsion is constant

Each cross-section rotates as a rigid body (no distortion of cross-section shape)

Rate of twist is constant

Cross-sections are free to warp, i.e. displace, in the longitudinal direction but the warping
is the same for all cross-sections

With Saint-Venant torsion, only shear stresses are produced. Warping torsional restraint occurs
when the cross-sections are not free to warp in the longitudinal direction, and normal stresses
develop.

Although influenced by boundary conditions, loading, and length, generally stocky sections such
as concrete [-girder and closed sections such as thin wall box girders resist torsion mainly by
Saint-Venant torsion, while thin wall open sections such as wide flange beams resist torsion
mainly by warping restraint. Historically, thin walled open sections have been steel, but as
concrete sections continue to become more slender, the contribution of warping rigidity may
need to be checked. The concrete deck generally resists torsion by Saint-Venant stiffness as
well, and the contribution of the deck to torsional stiffness is described in Section 3.5.1.2 of this
manual.

In most FEA programs line beam elements only model Saint-Venant torsional stiffness (GJ), they
do not capture warping torsional stiffness (ECyw). In order to capture the warping behavior a line
beam element would have to be higher order and the program would need to accommodate a
warping DOF in additional to the nodal displacement and nodal rotation DOF.

If torsional stiffness is important in a line element model having open sections or other sections
where warping stiffness is significant, either an effective torsion constant that incorporates both
the warping stiffness and the Saint-Venant stiffness should be utilized, or the sections can be
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discretized further to capture the correct behavior. One method of determining an effective
torsion constant is discussed in Section 3.5.4.1. For wide flange beams discretely modeling the
flanges and web with multiple elements, rather than using a single line element, would capture
the warping behavior. Discrete modeling would require the model to incorporate more DOF,
resulting in a greater computational effort, not to mention more output data to reduce.

Modeling torsional stiffness is more important when significant torsional loads are present, such
as in curved and/or skewed bridges.

3.5.4.1 Thin-walled Open Section Girder Grid Systems

In many cases neglecting the contribution of the warping torsional stiffness of thin-walled open
sections in longitudinal girders in an FEA grid model results in negligible error when
determining design force effects. Exceptions to this are for skewed or curved bridges when a
stability analysis or deflection analysis is being performed on the non-composite structure. In
these cases, including the warping torsional stiffness can result in a significant improvement of
the accuracy of the model. Discretely modeling the entire cross-section with shell elements is
one method to capture the warping behavior, but it also results in a much more complicated
model, with an accompanying increase in computational effort.

Alternatively, in NCHRP Report 725 White et al. (White et al., 2012), determined that an
equivalent torsion constant, Jeq, could be used in place of the actual Saint-Venant torsion
constant J, for line elements in 2D grid models to obtain results that approximated the results of
more sophisticated 3D models. The equivalent torsion constant was based on equating the
stiffness GJeg/Ly with the analytical torsional stiffness associated with assuming warping free
conditions at simply supported ends and warping fixity at intermediate cross-frame locations in a
bridge girder.

The assumption of warping fixity at cross-frame locations is certainly an approximation, but it
leads to reasonably accurate characterization of the girder torsional stiffness pertaining to the
overall deformations of the bridge as long as:

e There are at least 2 I-girders connected together, and

e They are connected by enough cross-frames such that the connectivity index /c is less
than 20, where Ic = 15000 / [R(ne+1)m], where R is the minimum radius of curvature at
the centerline of the bridge cross-section in feet throughout the length of the bridge, ncsis
the number of intermediate cross-frames in the span, and m is a constant taken equal to 1
for simple-span bridges and 2 for continuous-span bridges. In bridges with multiple
spans, /c is taken as the largest value obtained from any of the spans.

The equation for Je; given an unbraced length L» between intermediate cross-frames with
assumed warping fixity at each end is given by Equation (5).

sinh(pLy) [cosh(pL,) — 1]° :
pLy pLysinh(pLy)

] eq — |1
6))
Similarly, the equation for Je; for the end panel between the bearing and the first cross-frame
with warping fixity at one end and warping free boundary at the other end is given by Equation
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(6).
sinh(pLy) :

~ plLy,cosh(pL,)

jeq =]J|1
(6)

where p? = GJ/ECw

For more information, see NCHRP Report 725. In lieu of a more precise analysis, J and Cw may
be calculated using the following equations.

Article C4.6.2.2.1 of AASHTO LRFD gives an approximate formula (Equation (7)) for
calculating J for thin-walled open section beams:

1 ;
J=3) bt

where: b = width of plate elements (in.)
t = thickness of plate elements (in.)

Article C6.9.4.1.3 of AASHTO LRFD gives an approximate formula (Equation (8)) for
calculating Cy for singly symmetric steel I-beams:

p _ trh® [ bib;
Y12 (B3 + b))

®

where: b;, b2 = individual flange widths (in.)
h = distance between flange centroids (in.)
tr= flange thickness (in.) Use an average thickness if the flange thicknesses differ.

Alternately, Cw can be calculated using Equation (9):

. hz‘;\'l
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where: /1 = distance between flange centroids (in.)
I, I, = moments of inertia of the flanges about a vertical axis in the plane of the web
(in*).

An alternate, approximate, method for calculating an equivalent torsional stiffness of an I-section
is to ignore the web and idealize the flanges of the I-shape as beams, not necessarily the same
size, spanning laterally the length Ly between cross-frames (see Figure 38). Assuming the girder
is restrained from warping at internal cross-frames and is unrestrained from warping at its ends
results in the idealized beams having fixed-fixed against rotation but free to deflect end
conditions for an internal length of girder and fixed-free end conditions for an end length of
girder.
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Apply a unit load at one end of each flange, equal but in opposite directions, and allow the
flanges to displace laterally. Rotation is restrained in the internal case. The applied torque will
be the unit load multiplied by the distance between the flanges, T=1*h, and assuming small
displacements the rotation will be a sum of the two displacements divided by the distance
between flanges. Dividing the torque by the rotation gives the torsional stiffness of the system.
Equate that to GJadditional/Lb, and solve for Jadditionat Where Jadditional 1s the approximate contribution
of warping to the torsional stiffness. The total equivalent torsional stiffness Jeq will be the
calculated Saint-Venant stiftness J plus Judditiona.

I I 1 -

-ﬁ
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|

Figure 38. Illustration. Calculating equivalent Saint-Venant torsion stiffness for I-sections.

For the general case the equation is:

), _ }, + Lb h*
47 7 26(48 +4y) (10)
where: Ly = Length between cross-frames (in)
h = Distance between flange centroids (in)
G = Shear modulus of elasticity = E/[2x(1+V)] (ksi)
E = Modulus of elasticity (ksi)
v = Poisson’s ratio
A1, Ay = Deflection of top and bottom flanges, respectively (in)
For an internal panel with equal size flanges, the equation will be:
[ 6EIRh*
eq — 2
GLj an
For an end panel and with equal flanges the equation would be:
B P 3EIR*
eq — 2
2GI2 12)

where: I = Moment of inertia of a flange about a vertical axis (in*)

For relatively large cross-frame spacing, the results of this approximate method can produce
equivalent torsional stiffnesses on the order of about 10 percent smaller compared to the
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equations in NCHRP Report 725. However, this method provides a much better feel to the
engineer about how the structure is behaving.

3.5.4.2 Stocky Open Section and Closed Section Girder Grid Systems

For stocky open sections and closed section grid models, warping stiffness can generally be
neglected, as Saint-Venant torsional stiffness dominates. In FEA grid models utilizing line
elements, the torsional stiffness is explicitly defined, and simply requires the correct Saint-
Venant torsional inertia, J, to be utilized. In lieu of a more precise analysis, Article C4.6.2.2.1 of
AASHTO LRFD gives approximate formulae for calculating J for open stocky sections and
closed thin-walled shapes:

A‘i
/= %001
Stocky open sections: P 13)
442
Closed thin-walled shapes: t (14)

where: 4 = area of cross-section (in.?)
I, = polar moment of inertia (in.*)
o = area enclosed by centerlines of elements (in.?)
s = length of a side element (in.)
t = thickness of plate elements (in.)

3.5.4.3 Quasi-Closed Sections

When designing steel tub girders, top flange lateral bracing is required to help provide lateral and
torsional stability until the composite slab is in place. While not strictly a closed section, the
torsional stiffness of tub girders with top lateral bracing can be thought of as effectively a closed
section. Depending on bracing configuration, the following equations convert the truss bracing
into an equivalent plate thickness, which can then be used to calculate the effective J using the
closed thin-walled shape equation above (FHWA, 2012B):

o 2.60sw
4Ly (s3 (2 )
. A, t (?) A,
Warren Type: (15
- 2.60sw
S Ve 2)
| i+ (5) &
Pratt Type: (16)
- 2.60s5w
eq 13 .3 2
7+ (5) (D)
X- Type: d t (17)
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where: teq = equivalent plate thickness
s = spacing between struts
w = width between flanges
L4 = diagonal length
Ad = area of diagonal
Ac=Ar+ Avw/4
Ar = area of one top flange
Aw = area of one web
As = area of strut

3.5.5 Modeling Composite Construction

Composite construction can be modeled in different ways, depending on the behavior the
designer wishes to capture. Up to three different models may be required in order to model the
differing stiffnesses of the girder only, long term composite, and short term composite sections
for AASHTO LRFD Strength load case design. For concrete construction, creep calculations
depend on the time the deck becomes composite. Models can also differ depending on the
direction of loading. As long as the stiffness is correct in the plane being loaded, for example the
vertical stiffness is correct for a model subjected to gravity loads only, the model should give
accurate results. Linear elastic models are typically used to determine design forces, even
though nonlinear plastic capacities can be utilized in design.

With regard to the properties of concrete decks, per Articles 4.5.2.2 and C6.10.1.5 of AASHTO
LRFD, generally the deck is assumed to be uncracked and active over the entire length of the
bridge, including tensile portions, when modeling the distribution of loads in a bridge, but the
tensile strength is ignored when designing the members for those loads. In some cases a cracked
concrete or effective concrete stiffness in the model may be appropriate, such as in the case of an
existing bridge analysis where inspection indicates extensive transverse cracking in the deck
above interior supports.

Extracting the load effects required for design is also a consideration. Because AASHTO LRFD
treats composite girders as a unit at the component level, forces on the composite section are
required. The more discretely the elements are modeled, the more accurate the results, but the
more difficult it can be to extract the cross-section design forces.

The simplest model is the beam element model with composite section properties included in the
section properties, either a single beam in 1D or a grid in 2D. These are good choices for
straight bridges with predominately gravity loading. It is the easiest for design because the
differing stiffnesses of the various design models are simply reflected in the beam element
section properties, and design moments and shears for the members can be directly obtained. In
order to calculate the section properties an effective width of deck must be assumed, usually
based on the design effective width. The concrete deck is usually transformed to the material of
the girders using modular ratios. Note that stresses in a transformed section cannot be directly
obtained from the transformed section itself; they must be calculated using the modular ratio.

The PEB model consists of beam elements for girder sections and shell elements for the deck

slab. The slab and the beams are modeled in their geometrically correct positions, while still

being compositely connected along their entire length. This model can provide more accurate
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design forces as the effective width of concrete does not need to be assumed, since the stiffness
of the deck slab determines the force carried by the concrete. The stiffness of the deck for the
various models can be adjusted using an effective thickness or an effective modulus of elasticity
(recommended) for the concrete deck slab. Obtaining the design forces can be more challenging,
since the forces in the girder and the concrete deck slab must be combined to find the design
moments and shears for the composite member. For more information on extracting force
effects for a composite member see Section 8.2.

3.6 THREE-DIMENSIONAL ANALYSIS
3.6.1 Element Types and Usage

There are many types of elements that can be used in a 3D finite element model. The types of
elements and where they may be used in the modeling of a slab-girder bridge are described in the
following sections. Keep in mind that when mixing multiple element types, compatible element
DOF need to be ensured at common nodes. For instance, connecting a beam element with
rotational stiffness to a solid element with only translational stiffness will not result in moments
being transferred across the joint.

3.6.1.1 Bar (Truss) Elements

Two force truss elements are the simplest members available. For a slab-girder bridge, this type
of element is typically used for steel cross-frame diagonals.

3.6.1.2 Beam Elements

Beam elements are typically used for steel cross-frame top and bottom chords, girder flanges,
diaphragm flanges, diaphragms (if the web is not modeled using shell elements), and when
modeled, longitudinal and transverse stiffeners. Depending on how the concrete slab is modeled,
beam elements may also be used as shear connectors.

3.6.1.3 Surface (Shell) Elements

Bridge components where surface elements are typically used include: concrete deck slabs,
girder flanges and webs, especially for box members, and plate diaphragms. Surface elements
may also be used for stiffeners and diaphragms. Note that generally bridge components carry
membrane forces, so shell elements rather than plate elements are usually more appropriate.
Also, note that other than cases where stress output is desired, I-section flanges, stiffeners, and
cross-frames can typically be modeled sufficiently and more easily using beam elements.
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3.6.1.4 Volume Elements

Volume, also known as brick or solid, elements have the advantage of being able to model
explicitly three-dimensional geometry, and capture a full three-dimensional stress field. Volume
elements are rarely used in routine bridge design, even in 3D analyses, due to the large number
of DOF associated with modeling large flat relatively thin surfaces with volume elements and the
resulting high computational effort, and the difficulty in extracting useful design forces.

3.6.1.5 Constraints and Rigid Links

Constraints such as rigid links can be used to rigidly connect elements whose nodes are not
coincident. Some examples of uses for rigid links include modeling composite action between
girders and deck slabs, modeling the offset between the centroid and the surface of an element
where a second element connects, and modeling elements that are very rigid compared to
surrounding elements, such as integral concrete bent caps.

3.6.1.6 Spring and Point Elements

Spring and point elements can be used at interfaces or boundary conditions, such as where
bearings are present, or to model substructure/foundation stiffnesses.

3.6.2 Geometry

The advantage of a 3D finite element model over line girder, grid, and Plate and Eccentric Beam
(PEB) analyses is that interaction between girders, cross-frame behavior, and distribution of live
load can be explicitly modeled. This can be important as the degree of geometric complexity
increases, for instance as with highly skewed or curved bridges. Increased accuracy is obtained
by a combination of correct geometry and correct stiffnesses, including placing the deck slab at
the correct elevation, modeling diaphragms and/or cross-frames at actual locations, distributing
loads via element stiffness, and by modeling bearings i.e. boundary conditions correctly. The
increase in modeling accuracy leads to an increase in accuracy for dead and live load force
effects to be used in the design.

3.6.2.1 Girder Location

Girders should be spaced at their proposed center-to-center distance, often determined during a
previous preliminary design phase, or in the case of an existing bridge, at the actual center-to-
center distance measured in the field.

Girder flanges are typically modeled at the elevation associated with the centroid of each flange.
The girder web is typically modeled at the girder centerline. The web depth used in the model
can either be the actual web depth or the distance between flange centroids. [t is recommended
to use the distance between flange centroids such that the flanges are at the correct location; if
the flanges are not at the proper location, the underestimated stiffness can be important,
especially for shallow girders, defined as less than 50" deep (Grubb et al., 2011).

Figure 39 shows the top flange-web intersection of a steel girder to be constructed while Figure
40 shows how this intersection could be modeled in a 3D finite element model. The additional
area due to extending the web to the flange centroid is typically not significant and can be
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considered as representative of the flange-web weld in welded plate girders or the fillet of rolled
shapes, which are not typically included in a 3D model.

Figure 39. Illustration. Actual Flange-web  Figure 40. Illustration. Modeled flange-web
intersection. intersection.

The approach described above works best when constant thickness flanges are used for the entire
length of the girder. If the girder has a constant web depth but varying flange plate thicknesses,
the distance between flange centroids will vary, requiring the model to have a step in the depth at
the flange thickness transition (see Figure 41). This step, depending on how it is modeled, can
result in a transition zone with poor aspect ratios and/or stress concentrations in the web shell
elements (see Figure 42(a)). The simplest way to account for the transition is to keep the web
depth a constant average and use an abrupt flange thickness transition as illustrated in Figure
42(b). This is typically sufficient and the generally recommended way to model a flange depth
transition. Alternately, a constant average web depth can be use along with a transition section,
tapering from the smaller flange depth at the transition, to the deeper flange depth a short
distance away as illustrated in Figure 42(c). The distance should be chosen to be consistent with
the web mesh. The most accurate solution is dependent upon the analysis software being used;
some analysis software allows the element cross-section to be offset from its defined mesh axis
line. This allows the flanges to be shifted to their correct locations while maintaining the correct
web depth which is typically constant, as illustrated in Figure 42(d).

()

Flange
thickness
transition

Figure 41. Illustration. Flange thickness transition.
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Figure 42. Illustration. Flange thickness transition modeling.

In Figure 43 three different ways of modeling the web of a concrete I-section are shown. In
Figure 43(a), the web is assumed to only be the rectangular portion of the girder. In Figure
43(b), the web is assumed to extend from the centroid of the top flange to the centroid of the
bottom flange, with the fillets included in the flanges. Figure 43(c) assumes the web extends
from the top of the top flange to the bottom of the bottom flange.

Modeling the web as illustrated in Figure 43(c) is recommended, with nodes placed at the
locations of the centroids of the remaining area of the top and bottom flanges such that the
flanges are at their correct positions. Modeling the full depth of the web also allows diaphragms
to be modeled full depth and the support to be placed at the approximately correct elevation.

Modeling as in Figure 43(b) would be the second choice, but requires iteratively solving for the
centroid of the remaining area of the flanges and the end of the web in order to be as accurate as
possible. Modeling as in Figure 43(a) is not recommended as it has to account for a
discontinuity between the top and bottom of the web and centroids of the flanges.

No matter which method is chosen, care should be taken to avoid “double counting” any portion
of the cross-sectional area.
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Figure 43. Illustration. Modeling web depth.

3.6.2.2 Concrete Slab Location

The concrete slab is modeled such that the centroidal elevation is at the correct location. This
can be achieved by either: modeling the mid-thickness of the slab at the correct elevation and
connecting the flange to the slab by various methods such as rigid links, or by modeling the slab
at the same elevation as the girder top flange and using an offset to achieve the correct location,
as some FEA programs allow.

3.6.2.3 Cross-Frame/Diaphragm Locations

Cross-frames and diaphragms are members that span between longitudinal girders. Cross-frames
are open web truss configurations of steel members, often X or K configurations, while
diaphragms are solid web members, either full or partial girder depth. In straight non-skewed
bridges, cross-frames and diaphragms may only function as bracing prior to the composite deck
being cast. In curved and skewed bridges, cross-frames and diaphragms also function as primary
structural members, distributing loads transversely between girders. [t is recommended that
cross-frames/diaphragms only be modeled when they are being counted on to redistribute load,
otherwise it is recommended that they be conservatively omitted from the model.

Since a 3D finite element model explicitly models the girder depth, the cross-frames/diaphragms
can also be modeled explicitly. For simplicity, full depth steel cross-frame members can be
connected at nodes along the top and bottom of the girder webs, which although not necessarily
precisely correct, is acceptable for typical design of straight non-skewed bridges as long as the
cross-frame stiffness is adjusted if necessary to account for the greater modeled depth. The
designer may need to adjust any force results from the model to account for the changed
geometry. When the connection plates/stiffeners are also explicitly modeled, it is possible to
place the cross-frame/diaphram members at their exact geometrical location. [t is recommended
that connection plates/stiffeners be typically included in 3D models, and nodes located along the
depth in order to place the cross-frames/diaphragms at the correct geometry, especially for
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partial depth cross-frame/diaphragms. 1f for whatever reason the cross-frames/diaphragms are
not located at their correct geometry, it is up to the analyst to ensure that the member stiffnesses
are such that results are acceptable.

If connection eccentricities, connection stiffness, and second-order amplification of the
corresponding steel cross-frame member transverse deflections are not explicitly modeled, they
can be taken into account using an effective area (Wang et al., 2012). In lieu of a more accurate
analysis, the equivalent stiffness (AE)eq of equal leg single angles, unequal leg single angles
connected to the long leg, and flange connected tee-section members may be taken as 0.65AF.

3.6.2.4 Bearing/Support Location

Idealized supports in the 3D finite element model are typically located at a node at the web-
flange intersection where the bearing stiffener (or diaphragm in the case of tub girders) is
located. This point support is generally sufficient for typical designs. When local stresses are
required, modeling a more accurate bearing area on the flange would be more appropriate.

3.6.3 Number of Elements

The number of elements required varies depending upon the type of analysis being performed,
the elements being used, and the desired accuracy. Analysis of the gross structure to determine
bending moments, shears, and displacements for routine design purposes requires fewer elements
than when examining specific details such as localized stresses in coped webs of steel beams or
dapped ends of concrete beams. The focus of this manual is on the gross structure; details
regarding analysis of localized areas can be found elsewhere. The number of elements required
also varies depending on the behavior of the member.

As discussed previously in Section 2.3.2, for a given element formulation, the number of
elements required is a balance between accuracy and efficiency. Using many elements provides
more accurate results but also requires more time to construct, analyze, and process the model.
Using few elements results in a very quick analysis but the accuracy of the results may be
compromised. Varying the mesh size over a given model can also achieve efficiency. A fine
mesh can be used in an area of interest where more accurate results are required transitioning to a
coarser mesh elsewhere in the model.

The guidelines provided below should aid in arriving at a reasonably accurate solution without
being time and resource intensive. Running a few sensitivity analyses early in the design process
ca