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PREFACE

This report summarizes a detailed investigation of the agreement
between previously developed computer simulation programs for slab and
girder bridge systems and the physical systems which they represent.
This report presents comparisoms between physical test data and computer

results for a wide variety of typical slab and girder bridge systems.

In the development of the comparisons between the computer solu-
tions and physical tests it was often necessary to conduct physical tests
of certain types of slab and girder bridge systems, as well as to go
into great detail on comparisons with large numbers of specimens tested
by other investigators. Details of these physical tests and some of
the more repetitive data on computer simulations have been presented in
a series of MS theses which are referenced in this report. In addition,
a copy of each of these theses has been deposited with The University of
Texas Center for Highway Research and the Texas Highway Department Bridge
Division for use by readers seeking more details on physical tests and

comparisons.

The background theses which have been put on file are:

Bakir, N. N., "A Study of a 45° Skew Simply Supported Prestressed
Concrete Bridge,'" MS thesis, The University of Texas at Austin,
May 1970.

Barboza, N. J., "Load Distribution in a Skew Prestressed Concrete
Bridge," MS thesis, The University of Texas at Austin, 1969.

Kaczmarek, J. A., "Comparison of Computer Analysis and Experimental
Data for Concrete Slab and Steel Girder Bridges,'" MS thesis,
The University of Texas at Austin, January 1970.

Repa, J. A., Jr., "Flexural Stiffness Redistribution in Typical
Highway Bents,'" MS thesis, The University of Texas at Austin,
August 1970,

This work is a part of Research Study 3-5-68-115, entitled "Experi-

mental Verification of Computer Simulation Methods for Slab and Girder
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Bridge Systems.'" The studies described herein were conducted as a part of
the overall research program of The University of Texas at Austin, Center
for Highway Research, under the administrative direction of Dr. Clyde E.
Lee. The work was sponsored jointly by the Texas Highway Department and
the U. S. Department of Transportation, Federal Highway Administration,
under an agreement between The University of Texas at Austin and the Texas

Highway Department.

Liaison with the Texas Highway Department was maintained through the
contact representatives, Mr. B. R. Winn of the Texas Highway Department, and

Mr. J. W. Bowman of the Federal Highway Administration.

Valuable assistance in the usage of the computer program SLAB was
provided by Professor Hudson Matlock and Mr. John Panak throughout the course

of the study.

This study was directed by John E. Breen, Professor of Civil Engi-
neering. The bent cap phase of the study was supervised by Joseph A. Repa,
the comparisons with steel composite bridges was supervised by J. A.
Kaczmarek, the prestressed girder bridge phase was supervised by N. N. Bakir
and N. J. Barboza, and the overall correlation was supervised by A. F, Alani,

all research engineers, Center for Highway Research.
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ABSTRACT

Typical orthotropic slab and girder bridges were studied and the
correlation between reported test results and computerized analytical solu-
tions evaluated. Emphasis was given to a discrete element simulation
process developed in Project 3-5-63-56. The range of application of the
previously developed computer programs was explored. Three types of slab
and girder bridge systems were studied. Prestressed concrete, reinforced
concrete and both composite and noncomposite steel girders with concrete
slabs were evaluated. These bridges included both simple and continuous

spans and included both normal and skew crossings.

The parameters involved in the analytical solutions were defined.
Evaluation of the range of these parameters and their effect on the final
results was outlined. The most important parameters studied included the
flexural and torsional stiffnesses of the girders. Effects of these param-

eters were studied thoroughly for each bridge system.

A computer program to generate realistic moment curvature relationships
for reinforced concrete members was developed. This program takes into
account the effect of crack formation on the behavior of members. The
study of crack formation shows that the steel percentage present in the
section has a large influence on the behavior of the concrete members.
Results from this computer program were compared with reported test values

of ten beams and four columns, and these show excellent correlation.

The computer simulation requirements for the slab and girder bridge
systems were presented and detailed procedures outlined to obtain good mathe-
matical models for the physical systems. This report includes the comparison
and analysis of test results for thirteen representative slab and girder
bridges. The parameters of the bridges were evaluated according to the
recommended methods presented in the study. In general, the correlation

with physical test results was excellent.
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SUMMARY

This report presents a detailed comparison between typical test
measurements and computerized analytical solutions for conventional slab
and girder bridges. The accuracy of applying computer analysis techniques
developed under Project 3-5-63-56 to prestressed concrete, reinforced con-
crete, and steel girder bridges with concrete deck slabs was confirmed by

the high degree of correlation between test results and program calculations.

The method of inputtinggirder and slab physical properties was
carefully examined and numerous recommendations were made for the proper
values of stiffnesses to be input by designers. 1In addition, the effect
of various inputs on accuracy was examined and guidelines were developed
so that the designer would be given an indication of when a precise number

was needed for an input and when an approximate number would suffice.

The bridges studied included both simple and continuous spans and
normal and skew crossings. The analytical methods were shown to give a
very accurate estimate of both load distribution characteristics and
short-term deflections. The programs should be valuable in design of

standard bridge systems and in investigation of special problems.
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IMPLEMENTATTION

This study indicates that the discrete element computer simulation
programs for analysis of slab and girder bridges developed in Project
3-5-63-56 can be applied to a wide range of representative slab and girder
bridges with a high degree of accuracy. While the present study established
a reliability of the analytical procedures in order to arrive at an accurate
est imate of bridge behavior (load distribution and deflections) under dif-
ferent kinds of loading and with various bridge configurations, design
requirements will be best served by now using the verified computer pro-
grams to study a specific bridge class and to develop standard designs
for that class. The computer procedures can also be utilized to study very
specific bridge problems when the complexity of the problem wants special

attention.

Guidelines for the evaluation of typical parameters such as the
flexural and torsional stiffnesses of the girders and slabs are given and a
method of generating realistic stiffnesses for reinforced concrete members
is developed in detail. These procedures can be utilized by designers in
selecting the input values to the computer programs in order to gain neces-
sary accuracy. In a number of cases the sensitivity of the solution to
various parameters is presented and recommendations are made so that the
designer can choose the accuracy required for his input data according to

the type of problem being solved.

In general the excellent correlation between the physical test results
and the computer solutions should result in the Bridge Division having greater
confidence in the reliability of the computer solutions and a clearer set
of procedures for inputing physical constants. This will allow more accurate
design procedures for slab and girder bridges with consequent improvement in

design and greater reliability and economy.
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LIST OF NOTATIONS

cross-sectional area of the girder

area of tensile reinforcement

area of the rectangle inscribed in the joint
longer ‘side of a rectangle

constant

shorter side of a rectangle

Eh3
12(1 - »)

torsional rigidity

= flexural rigidity of plate, bar diameter in inches

Young's modulus of elasticity
modulus of elasticity of concrete
modulus of elasticity of steel
factor of safety
concrete stress
compressive strength of concrete, psi
O.85fé
tensile stress in reinforcement
ultimate tensile strength of concrete
yield strength of reinforcement

Ec

2(1 + p) °
girder height, slab thickness

shear modulus

moment of inertia

moment of inertia of concrete and reinforcement, respectively, taken
about the neutral axis

cracked section moment of inertia

gross section moment of inertia

warping moment of inertia

empirical coefficient to determine the correction in steel strain

torsional rigidity of the section
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St. Venant's torsion constant

number of wheel loads to be carried by a girder
longitudinal moment distribution factor (Guyon-Massonnet)
longitudinal moment in a specific girder

MT/NG = average longitudinal moment in all girders
maximum moment

cracking moment

total longitudinal moment in all girders

bending moments per unit length

-Myx = twisting moments per unit length

torsional moment

number of longitudinal girders

number of wheel lines on the bridge

load

reinforcement percentage

intensity of a continuocusly distributed load

average girder spacing in feet, mean crack spacing in inches
mean crack width

deflection of plate in z-direction

coefficient (0.141 0.333), which is a function of the ratio b/c

deflection

steel strain at cracking moment
mean steel strain

steel strain

rotation

Poisson's ratio

shearing stress

angle of twist



CHAPTER I

INTRODUCTION

1.1 General

Slab and girder bridge systems are widely used for short and medium
spans with lengths up to 200 feet. This span range represents a large per-
centage of bridges essential to modern transportation, especially highway

structures.

The available analytical methods of solution for slab and girder
bridge systems were reviewed by Leyendecker34 and classified as (1) grillage
method, (2) primary and secondary method, and (3) orthotropic plate method.

34,39,49 showed the successful application of the ortho-

Previous studies
tropic plate method to the analysis of such bridge systems. (The ortho-
tropic plate method utilizes two different elastic parameters in two
orthogonal directions.) This approach simulates the actual physical system
by using an equivalent orthotropic elastic plate which fis treated by the
classical elasticity theory.49’59’60
Orthotropic plate systems have also been solved using discrete ele-
ment mathematical models which allow point-to-point variations of parameters.
Basically, this method involves the replacement of segments of the plate by
finite elastic blocks connected to each other by rigid bars. These blocks
have the same elastic properties as the idealized physical system. The
equations describing the behavior of the system can then be obtained from a
free body analysis of the model. This results in a very large set of
simultaneous equations which are not adaptable to hand calculation. The
use of digital computers make such methods of analysis possible. A series
of computer programs entitled SLAB developed under the general supervision
of H. Matlock has utilized the discrete element solution of the orthogonal

plate to handle a variety of bridge and plate systems.16’26’27’28’38’44’56’61



1.2 Load Distribution Factors in
Slab and Girder Bridge Systems

The standard AASHOl slab and girder bridge design distribution
factor, kA’ specifies the fraction of a wheel load assigned to a girder,

and can be stated as

= S
kA = T (1.1)
where
kA = number of wheel loads to be carried by a girder
S = average girder spacing in feet
C = constant

The constant C depends on the type of slab and girder bridge system
and the number of traffic lanes carried by the bridge. 1In the case of
steel or prestressed concrete girders spaced at less than 10 ft. on
centers, the constant is 7.0 for a one lane traffic bridge and 5.5 for two
or more traffic lanes. Similarly, for a reinforced concrete girder, the

values become 6.5 and 6.0, respectively.

The Guyon-Massonnet type longitudinal moment distribution factor,

k for a girder may be stated as

GM
M
ko, = (1.2)
GM MA
where

M = longitudinal moment in a specific girder

MA = MT/NG = average longitudinal moment in all girders

MT = total longitudinal moment in all girders

NG = number of longitudinal girders

The Guyon-Massonnet distribution factor can be calculated from the
final results of either physical tests or accurate analytical solutioas

of the system.

The relationship between Guyon-Massonnet and the AASHO distribution

34
factors can be stated as



N
=S _ W
kA =2 kGM N (1.3)

G
, c = S NG
o =2
kaw M

where
N.. = number of wheel lines on the bridge.

W

30,34 indicated that the comparison between the

Previous studies
distribution factors as specified by AASHO and those obtained from either
physical tests or analytical solutions are often not compatible. The
AASHO factors are usually conservative when compared to more exact theories

or documented test results.

The simple span, model bridges tested by Leyendecker34 were pan-
formed concrete type slab and girder bridge systems. The skew angle ranged
between 0 degrees (no skew) and 45 degrees. The calculated factors kA and
k from the tests and the factors specified by AASHO are given in Table 1.1

GM
for two load cases.

TABLE 1.1. SERVICE LOAD SINGLE AASHO TRUCK DESIGN CRITERIA

k k

. . GM A AASHO
Load Location Girder (test) (test) Recommendation
Edge Truck Load Exterior girder 3.91 S/4.5 Special Case*
First interior girder 3.01 S$/5.98 S/6.0
Next interior girder 2.28 /7.9 S$/6.0
Central Truck Load Girder to the left 1.56 §/11.55 §/6.0
Central girder 2.07 /8.6 S/6.0
Girder to the right 1.83 S$/9.85 S/6.0

*The exterior girder is designed by applying to the girder the reaction of
the wheel load obtained by assuming the flooring to act as a simple beam
between girders.

The AASHO criteria are in excellent agreement with the experimental

factor of $/5.98 for the first interior girder for the edge truck load.



With the exception of this girder and the exterior girder, the AASHO

factor is 20 to 43 percent conservative.

The study of steel girder bridges carried out by Kaczmarek30 showed
that the AASHO service load distribution factors for exterior girders for
the simple span bridges analyzed were 31 to 46.5 percent conservative.
Regardless of the skew angle in three bridges with 30 degrees skew and
two bridges with 60 degrees skew, the factor for the central girder with
a single truck load showed that AASHO values were 46.5 to 86 percent

conservative.

The present study is aimed toward establishing the reliability of
analytical procedures in order to arrive at an accurate estimate of bridge
behavior under different kinds of loading and various bridge configurations.
Verification of the accuracy of such a wide-ranging computational method
would greatly facilitate comparative studies which could be used in more
realistic design and analysis of slab and girder bridge systems. A gener-
alized analytical method can handle broader ranges of bridge system variables
such as angle of skew, continuity, and specific boundary conditions than
can be specified by empirical methods. However, design requirements may
still be best served by using the computer programs to study a bridge class
and then developing simpler manual design rules and factors for that bridge
class rather than using computer procedures to study each specific bridge

to be designed.

This report is concerned only with the program verification and
will not make specific design recommendations concerning the accuracy of
AASHO type procedures. Such recommendations would stem from a detailed
study of specific bridge types using the verified programs and are not in

the scope of work of this project.

1.3 Scope and Objectives

Extensive electronic computation methods which permit rapid simula-
tion of slab and girder bridge systems have been under development for a
number of years. The rapidity of development in computer simulation has

caused current analytical developments to outstrip experimental verification



in many areas. The mathematical models and programs were largely based

on the assumption of elastic linear systems.

The overall objectives of this project were as follows:

(1) To verify the agreement between current computer simulation
programs (such as DSLAB of Project 3-5-63-56) and the physical
systems which they represent

a) by carrying out library searches and literature reviews to
to obtain correlation examples of well-documented typical
highway bridge applications; and

b) by constructing and testing several physical models of slab
and girder bridge systems to obtain further comparative data
in areas where such data are lacking.

(2) To study the most realistic ranges of input variables and to
suggest guideline procedures for the designer's use in initially
setting up the problem.

(3) To provide carefully documented data concerning behavior at
moderate overloads and for ultimate loads of typical systems to
assist the programming group in development of further simulation
programs.,

(4) To make recommendations regarding the adequacy and range of appli-
cability of the present computer programs based on test and analysis
results.

This report contains only summaries and representative samples of
the many tests run and comparisons made under objectives 1 and 3. A great
amount of further detail is contained in References 6, 7, 30, 34, and 47,

copies of which have been made available as indicated in the Preface.
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CHAPTER ITI1

THEORY AND COMPUTER PROGRAM

2.1 Introduction

This chapter provides a brief presentation of the basis for the
solution of orthotropic plates based on the general theory of elasticity.
References are cited for detail. The link between elasticity solutions
and numerical methods is also illustrated in order to develop an under-

standing of the role of the different parameters involved in the solution.

2.2 1Isotropic Plate Theory

For a complete solution of the state of stresses and deformations
exerted by external forces on an elastic homogeneous body, the solution
must satisfy both equilibrium and compatibility conditions for that body.
For the case of an isotropic plate subject to planar stress, Timoshenko5

has shown that plate moments, neglecting in-plane deformations, can be

stated as:
azw azw _ Mx
2 TV T3 7%
ax 3y
2 2 M
i e T (2.1)
oy dx
azw - Mxy
dxdy (1L - v)D
where w = deflection of plate in z-direction
D = ———Ehz———— = flexural rigidit f plat
1201 - ) xural rigidity of plate
Mx’ My = bending moments per unit length



=-M = twisting moments per unit length
Xy VX
Young's Modulus

= Poisson's ratio

o< m =
u

plate thickness

The equation which relates the lateral loadings on a plate and

58
the bending moments can be stated as:

S

e ax_ayx = - q(x,y) (2.2)
ox oy
where q = intensity of a continuously distributed load.

Substituting Eq. 2.1 into 2.2,

4 4 4
X X dy oy

which defines the relation between applied loads and the displacement of
an isotropic plate. Such a relation is very useful in solving structural

problems.

2.3 Orthotropic Plate Theory

In order to define the relation between the stresses and strains
for orthotropic materials, nine constants need to be determined,55 instead
of the two constants (Lame's constants) needed for isotropic materials.
However, in the case of plane stress as in plates, the constants reduce to

only four. Timoshenko59 shows the derivation of the following moment

equations

2 2

M = - (D ow + D ow

X X 1
oxX oy
2 2

My = - (Dya_; + o & (2.4)
oy dx
2

M = o w




where E'h3 3
pYs

E'h
Do = ™2 by, =
E'ho ¢ h3
b = Y _ b = Xy
y 12 Xy 12

and the four constants, E;, E;, E", and ny are needed in order to define
the elastic properties of an orthotropic material. For the particular

case of isotropy, these constants reduce to

E' = E' =__E—
X y 1 - v2
E" = __VE
1 2
-V
c = —=

Xy 2(1L +v)
Introducing the notation

H = D, + 2D
1 Xy

and substituting expressions 2.4 into Eq. 2.2 yields

4 4 4
ow + ZH_B_WE + D ow _ q(x,y) (2.5)

D 4
fob Xy y Ay

X

2.4 Determination of Rigidities

The four constants needed to define the elastic properties of an

orthotropic plate can be stated a555’58
' EX

B T T-uw,
E Xy
F' = —f—
y 1 - Vny

B = 1 ?Xiyv T 1 ?yvxv

X'y Xy
E E

G = XY
Xy EX + (1 + 2yxy)Ey
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E

X
where 1 = E v

Xy yX

<

All variables involved in these expressions can be obtained by
testing the material of the plate. If a reinforced concrete plate is to

be considered as a particular case, then Timoshenko suggests that the

following expressions for the rigidities are to be used.59
Ec Es
Dx - 2 [ICX + ( E_ L st]
1 -v c
c
Ec Es
D = —[1 + (-1 1 ]
y 1 - V2 cy EC sy
c
D = p DD
1 C Xy
1 -v
D = £ Jp.p
Xy 2 Xy
where ch, st = moment of inertia of concrete and reinforcement,

respectively, taken about the neutral axis in the
section where x = constant and IC s IS = the same
but for y = constant. y y

The torsional rigidity ny should be regarded as a first approxima-
tion if it is based on theoretical analysis. More reliable values can be

59,60

obtained by direct tests. A simple idealized test to determine the

torsional rigidity of a plate is shown in Fig. 2.1, where by measuring the

angle of twist ¢ the torsional rigidity could be calculated as 2ny =1 .

The expressions for the rigidities of a reinforced concrete plate
are not independent of the state of the concrete. They may be especially
in error when cracks form or steel begins to yield. A better expression
could be obtained from the generation of the moment curvature relationship
for the section which would define the rigidity for each level of moment
applied to the section. Such a procedure will be discussed later in this

study.



Fig. 2.1. Plate torsional test.

2.5 Discrete Element Method

2.5.1 Numerical Methods. The rigorous analytical solution for the

differential equation of a plate such as Eq. 2.5 is too complicated to
achieve for many practical problems since mathematically the function has
to be continuous, and fourth order systems should have two continuous
derivatives. These conditions cannot properly be fulfilled in many complex
engineering problems. Hence the so-called numerical methods are used,
where the differential equation is replaced by its finite difference
equivalence, and in turn the problem reduces to the solutiom untilizing
computers of a large number of simultaneous algebraic equations instead of

the solution of a single complex one.

2.5.2 The Physical Model. Hudson26 suggested a discrete element

model for plates and slabs which includes a mesh of two principal sets of
orthogonal beams connected at their nodal points. The bending stiffness

and Poisson's ratio are represented by elastic blocks placed at the nodes.
The torsional stiffness of the plate is modeled by torsion bars connecting

the rigid bars which are running in both directions, as shown in Fig. 2.2.

11
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Fig. 2.2. Discrete-element model of a plate or slab.
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A pictorial representation of the system with typical numbering

procedure for nodes and bars is shown in Figs. 2.2 through 2.4,

2.5.3 TFormulation and Solution of Equations. A typical joint (i,j)

for the discrete element slab model is shown in Fig. 2.5 and the free body
of a slab mesh node is shown in Fig. 2.6. Stelzer and Hudson56 show the
derivation of the general slab equation from the free body diagram and

present the final form of that equation both in detailed form and matrix

form.

A solution for the deflection matrix using the alternating-direction
iteration method has been discussed and was used by Hudson26 for the solu-
tion of his model. However, this method is not an efficient one and requires
a parallel study to choose the closure spring constant which must be speci-
fied in that method in order to ensure convergence of the solution. A
direct method for the solution was later developed by Stelzer and Hudson,

who presented the derivation of the equations for the solution.

2.6 The Computer Program

The formulation of the equations of the discrete element model is
not really useful for hand calculation, yet the equations are very adaptable
in conjunction with the use of digital computers. The development of a
series of versatile computer programs called SLAB for the solution of slabs
and plates of various types has been made at The University of Texas Center
for Highway Research. The basic discrete element model was introduced by
Hudson,26 while solution procedures were developed by many authors, such as

27,28,56,16 The versions

Matlock, Hudson, Ingram, Stelzer, Endres, and Panak.
of the SLAB computer program used throughout this study were SLAB40 and
SLAB43. The documentation of these and other versions was presented by

Matlock and Panak.38

Figure 2.7 shows a summary flow chart for the SLAB program. Details
and complete listings of the different versions of the programs can be seen

in the references given above,
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CHAPTER ITI

COMPUTER SIMULATION OF PHYSICAL SYSTEMS

3.1 General

Any mathematical modeling of a physical system requires use of
various assumptions and approximations. These may include approximations
of the true material behavior, idealization of the loadings and typical
boundary conditions, and extension of theories derived for infinite media
to finite cases. Some assumptions are not strictly compatible with
actuality, but are imposed in order to simplify the modeling procedure
and /or the method of solution. Ideally, the assumptions used should not
significantly alter the analytical results from the comparable physical

results.

Two types of assumptions and approximations are used. The idealized

model discussed in Sec. 2.5.2 assumes in the analysis procadure that:

a. Planes normal to the middle surface remain normal to the surface
after bending.

b. Stresses normal to the plate surface can be disregarded for the
bending solution.

No axial deformation of the neutral axis occurs.

[= T o]

All deformations are small compared to the plate dimensions,
e. The bar elements of the model are infinitely stiff and weightless.

f. Each joint in the model is composed of an elastic, homogeneous, and
orthotropic material which can be described by four independent
elastic constants.

g. Loads, masses, and bending strain occur only at the joints.

h. Torsional stiffness of the plate element can be represented by
torsion bars.

i. The neutral axis lies in the same plane for all elements, even for
nonuniform cross sections.

19
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j. The spacing of the beams in the x and y directions (hX and h )
need not be equal but must be constant for all parallel beams.

k. The number of increments into which each beam is divided is equal
to the length of the beam divided by the increment length.
Numerous comparisons to other analytical solutions of varied plate

problems indicate that the primary solution errors are probably not due to

these assumptions.

The other type of approximation tends to introduce most errors
which stem from the evaluation procedure required to correctly input to the
analytical programs accurate values for variables and parameters of the
true systems. These inputs are required for the mathematical simulation

of the physical system prior to obtaining the solution and include the

following:
a. Flexural stiffness
b. Torsional stiffness

Poisson's ratio

a o

Mesh size

e. Type and nature of boundary conditions

Hh

Type and nature of loadings

Evaluation of a, b, and ¢ is confined to the type and properties
of the materials used and also the kind and shape of the plate, while d, e,
and f may be considered as general and applied to all kinds of plates. 1In
this study particular emphasis will be placed on the thorough evaluation of
these parameters and their effect on the modeling and on the results

obtained.

3.2 Physical Systems Studied

Orthotropic plate theory has been widely used in the design and
analysis of orthotropic bridges, although the slab and girder bridge has
only lately been considered as an orthotropic plate. Slab and girder types
are widely used for short and medium bridge spans. 1In this study they are

classified as follows:

1. Prestressed concrete girders with concrete slabs.

2. Reinforced concrete girders and slabs.
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3. a. Steel girders built compositely with concrete slabs

b. Steel girders built noncompositely with concrete slabs.

In the following three chapters each type is studied separately.
In each chapter comparisons of actual and idealized behavior are presented
and recommendations for both design and analysis are discussed and pre-
sented. The study includes both simple and continuous span bridges and
also considers a range of skewness. Comparisons with reported test results
are made for the bridges listed in Table 3.1. These bridges are considered

in more detail in case studies later in this text.

3.3 Nonlinear Problems

The derivation and development of the orthotropic plate theory,
the later introduction of the discrete element methods and related mathe-
matical models and the development of the computer solutions were all
largely based on the assumption that the structure is linear.® This
assumes a linear proportion between applied loads and resulting deformed
configurations as well as that the materials are elastic and linear fobeying
Hooke's Law). There is an apparent violation of logic which might possibly
lead to significant errors in the results if these methods are used to seek

solutions for widely used nonlinear materials such as reinforced concrete.

General stress~-strain curves for concrete are shown in Fig. 3.1,
and for reinforcing steel in Fig. 3.2. Knowing the behavior of the indi-
vidual materials making up a reinforced concrete member is not enough to
define the behavior of that member. Many factors influence the flexural stiff-
ness which 1is the most important parameter needed to define the behavior
of the member under the action of loads. The stiffness can be greatly
affected by the;t?pe of applied loads, formation of cracks, percentage of
steel, shape of the member, and the phenomenon of stress redistributions in

the member at each level of loading.

*Although many methods were developed in a highly generalized form,
practical examples, applications, and programs tended to be highly elastic
and linear in nature.



TABLE 3.1. TESTED BRIDGES STUDIED

Bridge Type

Simple Span

Continuous Span

(60 N 15)

Bridge Scale Skew  Ref. Bridge Scale Skew Ref.
Reinforced concrete || Chili Ave. 1/1 14° 5 Hillsboro 1/1 30° 43
girders and deck (New York) (4-span)
UT (test) 1/5.5 30° 7 PCA 1/2 0° 39
Prestressed concrete (2-span)
girders with UT (test) 1°5.5 45° 6 N. Ill. Toll 1/1 20° 29
concrete deck Highway
(4-span)
N. Ill. Toll 1/1 20° 29
Highway
U. of Ill. 1/4 0° 42 Patuxent 1/1 20° 22
Composite steel (S 15) River Br. :
beams and concrete (3-span)
deck Patuxent 1/1 0° 51
River Br.
(Maryland)
U. of I11. 1/4 30° 41 U. of IlL. 1/4 0° 52
Noncomposite (30 N 15) N 30
steel beams and (2-span)
concrete deck U. of T11.  1/4  60° 41

¢c
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The moment—curvature relationship gives the best estimate for the
flexural stiffness of a beam. This relation would be a straight line for
a linear member and the slope of such a line characterizes the stiffness.
Figure 3.3 shows the actual moment--curvature relationship from a reinforced
concrete beam test,19 while Fig. 3.4 is from a concrete column test.
Presence of axial compression force in a concrete member can make the
member behave linearly over a greater range of transverse load. 1In the
case of prestressed concrete beams, the assumption of linear properties

may be very justifiable in the working load range, as shown31 in Fig. 3.5.

Two values of flexural stiffness for a reinforced concrete section
are well-defined. These are assumed as strictly a property of the section
with the initial modulus of elasticity of the concrete assumed unchanging
and independent of loadings. One of these stiffnesses (EI) is based on
the moment of inertia of the gross section and the other is based on the
moment of inertia of the cracked transformed section. Both can be calcu-
lated easily for any section using procedures to be found in most elementary

books dealing with reinforced concrete.

Using either value as an estimate for member stiffness could yield
a significant error in results. This can be shown by the comparison of
the observed and calculated midspan deflection of the simple span rein-
forced concrete beam (S-3) tested by Sinha.54 The beam was 8 ft. in length
and loaded with two point loads placed at 1.5 ft. on either side of the
midspan. The measured deflection was 0.487 in. at a total load of 13.10
kips. The calculated deflection was 0.293 in., based on the gross moment
of inertia, while a value of 0.852 in. is obtained when the cracked moment
of inertia of the section is used in the calculation. Such comparisons
indicated the need for a study of the proper use of theoretical solutions
when dealing with the nonlinear problems such as those involving reinforced

concrete.

In this study a computer subroutine called MPHI was developed to
predict the moment-curvature relationship for a reinforced concrete section
for use with the general solution. This subroutine considered many of the
important parameters which influence the nonlinear behavior of the member.

Details are given in Sec. 5.4. The program developed provides excellent
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predictions for the moment-curvature relationship of concrete beams when

compared with many test results.

In general, nonlinearity is common for many engineering materials.
The stress-strain curves of some common engineering metals21 are quite
nonlinear at higher load levels. Even though a great range of the curves
could be taken as linear, this will not necessarily be the case for the
stiffness of members built from such materials, since there are other
factors affecting member stiffness such as the shape of the section, resid-

ual stresses, stress concentrations and types of loads applied on the member.

Residual stresses can be quite high in comparison to the yield
stress of the material.9 Presence of residual stresses in a member make
some part of the section yield at a lower level of loading, and thus the
member will lose some of its stiffness at such a level of loading. Hence,
a nonlinear behavior for that member will result. Beedle8 discussed the
effect of the residual stresses on the moment-curvature relationship of a
hypothetical rolled section where all materials were placed in the flanges,
as shown in Fig. 3.6a. Assuming a value of residual stresses of the pattern
shown in Fig. 3.6b, the calculated moment-curvature curve would be similar
to Fig. 3.6d, where the numerical figure refers to the level of loadings
shown by Fig. 3.6c. Stress concentration has a similar effect on the

moment-curvature relationship.

The effect of such parameters on the behavior of members built of
metals usually starts at relatively higher levels of loading and their
influence needs to be considered only for loadings which are normally
beyond the working loads of the member. Therefore, the consideration of
linear behavior for such members is well-justified for the usual range of

service loads on structures.

3.4 The Problem of Skew

The number of skew bridges built is very considerable. Rowe49 has
stated that in England their number is greater than the number of right
bridges. This is probably the case in other countries. Skew angle is con-
sidered throughout this study as that angle between the abutment line and
the perpendicular to the traffic path over the bridge deck. Rowe has also

indicated that there is no rigorous analytical method for either isotropic
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or orthotropic skew plates. He showed the application of finite difference
for certain cases of isotropic skew plates while he indicated the limited

theoretical approach for orthotropic skew plates.

The method of solution used in the SLAB program has an advantage
in this respect as it can readily deal with orthotropic skew bridges. For
all bridges studied, this variable was handled by careful modeling of the
supporting lines in choosing the mesh increments in both the x and y direc-
tions, as shown in Fig. 3.7a. The skew edge of the slab can be taken as a
series of stairstep lines following the grid lines. When modeling a skewed
supporting edge for a girder and slab bridge, no supporting points should be
used for slab nodes along the skewed edge. The only support input used
should be that for the girder ends. The validity of this procedure was
shown when Leyendecker34 input both slab and girder supports as shown in
Fig. 3.7c and found extremely large errors in calculated midspan deflections
of some skew bridges tested. Later, Kaczmarek30 reran the same bridge
examples with supporting points only under the girder ends and found excel-

lent results.

A physical interpretation for this error is indicated in Fig. 3.7c,
d, and e, which shows a typical skew support. In the case shown, supports
are used for both girders and slab end nodes. Note that compatibility
demands that the deflection must be the same for the modeled beams running
in both directions when they intersect at a node. Thus, when mesh beam
it2 is considered in the y direction, the deflection profile indicates that
it is very close to a fixed end condition. This would provide a large
restraint for beams running in the x direction, such as beam j+4. This
restraint induces appreciable computed negative bending moments near the ends
of this beam which do not exist in reality. This can lead to tremendous
errors in some cases, such as in the bridges studied by Leyendecker. This
false fixity reduced the computed midspan deflection to as little as cne-

fourth of the test value as shown by Kaczmarek.

Vora and Matlock61 suggested a model which may deal directly with
skew problems. This model consists of a tri-directional system of rigid

bars and elastic joints in order to simulate an anisotropic skew plate and
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slab-and-beam system where the beams may run in any three directions. This
model is a direct step toward fitting the boundary condition of a skew
plate, since the angle between the simulated beam could be selected to fit

the required angle of skew in the problem.

3.5 Evaluation of General Parameters

3.5.1 Mesh Size. As a general rule with discrete element models,
the finer the mesh size the closer the model represents the physical system.
Therefore, higher accuracy can be obtained using finer meshes. In many
engineering problems such higher accuracy does not mean much practically.
Usually even the third significant figure is not really significant in
applying the results in actual designs. Added digits require a finer mesh
and make the solution more costly, requiring larger computer storage and
longer computer time. Panak and Matlock44 report the storage required for

the SLAB30 program using the CDC 6600 computer as
Storage = 8m> + llmn + 100m + 33n + 12,200 (3.1)

where m and n are the number of increments in the x and y directions,
respectively. The time required to run SLAB programs is proportional to
some power of the mesh size. Stelzer and Hudson56 reported that for SLABS,
a problem with 8 by 8 increments can be solved in four seconds, while 16 by

16 increments require twenty seconds.

For an optimum solution where accuracy and economy are involved, it
is necessary to define the range of mesh size which would yield reasonably
accurate solutions. For the case of orthotropic bridges of the type pre-
sented in this study, where the main longitudinal stiffness of the bridge
is provided by the girders, it is important to consider the number of incre-
ments. Additional segments between girders give a better approximation for
the curved deflected shape of the connecting slab. Experience indicates
that less than four segments between girders usually gives too crude an

approximation of the shape.

Likewise, a smaller number of segments increases the possibility of
wheel type live loads occurring inside the increments while the method of

solution requires that all loads be input on the nodes. Hence, with small
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numbers of increments additional approximation for the load distribution on
the adjacent nodes is necessary and this has some influence on the results,
as will be discussed in Sec. 3.5.3. For all cases studied herein, a range

of 4 to 7 increments between girders was used and found to be satisfactory.

The number of segments in the longitudinal direction of the bridge
depends on the span length and the number of spans in the case of continuous
bridges. Hence, an increment of 16 to 40 was used for each actual span.
This was a good range for both straight and skew bridges with the higher
number more likely required for the skew cases. 1In addition, the skew case
will often require more total increments because of the need to enclose the

skew bridge parallelogram in an analytical rectangle.

3.5.2 Type and Nature of Boundary Conditions. Boundary conditions

such as supporting points, axial loads, external couples, rotational
restraints, and skew edges can be modeled and input for the SLAB programs.
Supporting points are modeled by springs having the same characteristics

as the physical supports. These are defined by the spring constants which
are chosen to give the behavior of the true supports under the action of
loads. The value of the spring constants of such supports are input at the
nodes only. Where data are lacking on the behavior of the supports a value

of 1 x 108 1b./in. or higher may be used to model a nonyielding support.

External couples and rotational restraints must be defined in both
magnitude and location throughout the system. These loads should be applied
and input on the mesh joints. All these data are input in Tables 3, 4, and
6 of the guide for data input for SLAB programs. Input details for skew

edges were discussed in Sec. 3.4.

3.5.3 Type and Nature of Loadings. Two kinds of static loads may

be analyzed; dead loads which are usually uniformly distributed, and live
loads such as traffic loads which usually are represented as point loads.

All loads must be input on the nodes of the mesh., Therefore, dead loads
should be calculated so that each node will carry all loads which fall inside
the tributary area of that node. Point loads are input directly if they fall
on the nodes. 1In the case of loads which fall inside the mesh, the load
should be distributed to the four nodes which bound the specific grid. This

distribution is based on the assumption that the grid is very stiff and is
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simply supported on the nodes. Figure 3.11 shows such distribution of a

point load P to the four point nodes Pl’ P2, P3, and Pq‘

h
y
bh Pl = (1l - a~-Db+ ab) P
y
i 2. P2 = (b - ab) P
ahx P3 = (ab) P
P
h P4 = {a - ab) P
X
3

Fig. 3.8. Distribution of a load which falls
inside a mesh to the four nodes.

This approximation works well with fine meshes, but it has some
deficiency when applied for coarser meshes. Therefore, it is preferable to
avoid such approximations during the system modeling by attempting to choose

a mesh size which matches such loads with the nodes whenever possible.

3.5.4 Poisson's Ratio. Poisson's ratio of concrete is highly

variable and has been studied thoroughly by Simmons.s3 He discussed the
methods of measurement of both dynamic and static values and indicated

average values of 0.21 dynamically and 0.16 statically.

A simple expression to approximate the Poisson's ratio of the

concrete is presented in the German Code (DIN 4227) as
v = ¢'fé/350 (3.2)

where fé is the compressive strength of the concrete at 28 days in psi.
For 3000 psi concrete Eq. 3.2 indicates py as 0.16,

Poisson's ratio for steel is ordinarily found as close to 0.3.32
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It can be seen from the equations presented in Chapter 11 that
the magnitude of the bending and twisting moments in a plate may be affected
by the numerical value of Poisson's ratio. For the orthotropic bridges
and for the solutions obtained by SLAB this effect was shown to be very
small, and Bakir6 reported that a change of 100 percent in Poisson's ratio
did not introduce an error greater than 1 percent in the results of a pre-
stressed concrete girder and concrete slab bridge. For the Patuxant River
Bridge, which is composed of steel girders and reinforced concrete slab, the
effect was even less. Ignoring Poisson's ratio for the slab did not intro-
duce any appreciable change in either total moment or deflection at the
midspan of the girders. The maximum reductions were 0.5 percent in the
maximum moment and 0.8 percent for the maximum deflection. Therefore, it
could be concluded that use of the mean value of the Poisson's ratios, as
given above, could be considered as a reasonable uncertainty as to the

actual Poisson's ratio in the material to be used in a given bridge.



CHAPTER IV

PRESTRESSED GIRDER BRIDGES

4.1 Introduction

All bridges studied in this chapter are prestressed I-shaped concrete
girders with reinforced concrete decks. This type of bridge is the most
common shape for spans from 40 to 120 ft.35 The study consists of the
evaluation of parameters for such structures and then a correlation study
of the DSLAB computer solution with physical test results. The test
bridges include both simple and continuous span bridges. Three tests are

considered for the first type and two for the second, with some range of

skew angle in both types.

4.2 Evaluation of Stiffnesses

4.2.1 Slab Flexural Stiffness. Section 2.4 presented the equations

for flexural stiffness of reinforced concrete plates, assuming concrete an
elastic homogeneous material. While not valid over the whole loading range,
it is a good estimate for uncracked sections. Neglecting the small contribu-
tion of the reinforcing steel, the expression for slab stiffness per unit
width reduces to

ETI E t3

D =D = < °2 = c 5 (4.1)
1 - v, 12(1 - v))

where t is the thickness of the slab. This expression does not correctly
represent the stiffness of cracked sections, as indicated by accurate non-

linear moment-curvature relations.

For typical slab and girder bridges the slab stiffness is usually
very small (say 1/1000) compared to girder stiffness. Thus, use of elaborate
moment--curvature procedures to define the slab stiffness at each level of

loading is unnecessary. Figure 4.1 shows that doubling and even tripling

35
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the value of slab stiffness did not appreciably change either total deflection
or total moment at midspan of the bridge (Sec. 4.3.2) tested by Bakir,6 and
had only a relatively small influence on both maximum values. The slabs
usually act compositely with the girders and under service loads most of the
slab is not appreciably affected by the formation of flexural cracks.
Exceptions might be found over interior supports in a continuous bridge and

in the immediate vicinity of point loads. Since calculations beyond Eq. 4.1
will not improve the final results by an order of magnitude which justifies
such rigorous calculations, it is recommended that the slabs be assumed to

have the stiffness of the uncracked section throughout the bridge.

4.2.2 Slab Torsional Stiffness. The importance of this parameter

depends on its role in the distribution of loads and deflections transversely
across the bridge. This effect actually is of small magnitude, as can be

seen from Fig. 4.2, which is a case study for the bridge tested by Bakir.6
Doubling the value of the slab torsional stiffness causes less than 1 percent
error in the total deflection and moment and 3 percent error in the maximum
girder deflection and moment. Furthermore, the error was about the same

magnitude when the whole value was neglected.

Section 2.4 indicated that the theoretical values for the torsional
stiffness of plates should be considered as first approximations, while
more reliable values could be obtained from tests. Actually, this precision
is unnecessary for this application of orthotropic plate theory, since the
loads are mainly carried by the girders. Thus, the theoretical values are

quite adequate.

The expression for torsional rigidity of a reinforced concrete

plate was given in Sec. 2.4 as

1-v
D = —=JDD
Xy 2 Xy
By substituting for Dx and D _, their values from Eq. 4.1
Y’ 3
E t
c

"o T T+ “-2
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Hudson26 used the notation of Cy and Cy for the torsional rigidities of

the bars, which represent mesh rigidities in both x and y directions, as

ECt3
. e 4.3
=06 =0y "Toa+ V) (4-3)

4.2.3 Girder Flexural Stiffness. The flexural stiffness of the

girders is the most dominant parameter affecting the results. In one-
dimensional problems, like beams and plane frames, the final displacements
are directly proportional to member stiffness. In two-dimensional problems
such as plates, the influence of load distribution in both directions
somewhat reduces the impact of the variation of stiffness in one direction

on the final results.

Figure 4.3 shows the effect of variation of girder flexural stiff-
ness on moments and deflections for the bridge presented by Bakir.6
Increasing girder flexural stiffness by 20 percent causes a decrease of
16 percent in the total girder deflection at midspan, and a decrease of
12 percent in the maximum girder deflection. The effect on moments is much
less, since they depend more on relative stiffness relationships. A 20 per-
cent increase in girder stiffness results in an increase of not more than
1 percent for total moment and 4 percent for maximum moment. Although the
effect on deflection is not of the same order as in one-dimensional prob-
lems, actually it is of considerable effect, and, hence, a limitation on
the expected range of errors in the estimation of the flexural stiffness of
girders is necessary in order to limit the errors in the final deflection
results. An estimate of flexural stiffness within about 10 percent is
required in order to limit the error in the final results to a narrow range

for positive comparisons.

As 1is uéually the case, tests can provide the best measures for
variables. However, quite good estimates can be obtained by simpler methods
involving only analytical calculations. Highly accurate stiffnesses can be
obtained from the moment-curvature relationships generated by digital
computers. A comparison of test results and computer analysis for a pre-
stressed beam tested by Keyder,31 is shown in Fig. 3.5. The computer

analysis for the beam is presented by Chang.15 The manually calculated
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straight-line behavior is based on EI using the gross moment of inertia

and the 1963 ACI Code2 formula for the modulus of elasticity of the concrete.
The response is very close to linear over a large range of loads, including
service loads and moderate overloads. Thus, for service loads an extensive
computer analysis for stiffness is not justified. This same observation

was reported by Janney and Eney29 for their field test on a prototype pre-
stressed concrete girder from the Northern Illinois toll highway. The
design criteria which limit tensile stresses in prestressed concrete to
values below those which might cause cracks ensure that at service loads

the section behaves elastically so that both gross and transformed gross

moments of inertia are adequate estimates of stiffness.

The flexural stiffnesses of ten prestressed girders tested by
Mattock and Karr39 are presented in Table 4.1. Typical cross sections of
the girder and the test setup are shown in Fig. 4.4. Comparisoms of test
results with stiffnesses calculated both on the basis of gross and trans-
formed gross moment of inertia of the section are also presented. The
comparison shows that using gross moment of inertia the average error was
- 8.5 percent, while using the gross transformed moment of inertia is
somewhat more accurate with an average of -5.4 percent. This indicates
that the required level of accuracy can be obtained by such relatively

simple methods of calculation for the service load region.

4.2.4 Girder Torsional Stiffness. The analysis of girder and slab

bridges using SLAB computer programs is much less sensitive to the tor-
sional stiffness of the girders than to flexural stiffness. This can be
seen in Fig. 4.5 for the bridge tested by Bakir6 with a single load at mid-
span of the edge girder. Neglecting torsional stiffness completely causes
the maximum deflection to increase by 24 percent and the total deflection by
8 percent, while maximum girder moment increases by 18 percent and total
moment by 7 percent. When half of the torsional stiffness is used, the
error is slightly less than one-half of the previous percentages. These
values are for a 45° skew, and they decrease for smaller angles. From this
it is concluded that an estimate of torsional stiffness of girders within
25 percent will limit the error in the maximum values of moment and deflec-

tion to about 5 percent.
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TABLE 4.1. COMPARISON OF MEASURED AND CALCULATED FLEXURAL
STIFFNESS OF PRESTRESSED CONCRETE BEAMS

T T T
Girder (Ib./in. (Ib.-in. (lb.-1iu, % error (Ib.-in. % error
x 10°%) x 10%) x 10°) x 10%)

1 4.02 37,680 31,500 -16.4 32,600 -13.5
2 4.55 37,220 35,600 - 4.3 36,800 - 1.1
3 4.46 39,190 34,900 -10.9 36,100 - 7.9
4 4.35 39,650 34,100 -14.0 35,250 -11.0
5 4.35 © 35,940 34,100 - 5.1 35,250 - 1.9
6 4.35 35,120 3,100 - 3.2 35,250 + .4
7 4.39 36,170 34,400 - 4.9 35,600 - 1.6
8 4.59 37,910 36,000 - 5.0 37,200 - 1.9
9 4.32 36,170 33,800 - 6.5 35,000 - 3.2
10 3.90 35,820 30,600 -14.5 31,600 -11.8
Average - 8.5 - 5.4
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A theoretical study accompanied by physical tests was carried out
at The University of Texas at Austin45 for a common I-shaped prestressed
concrete girder, as used in highway bridges. The study showed that an
estimate of torsional stiffness could be obtained within about 10 percent
accuracy. The following procedures may be used for isolated and composite

girders.

4.2.4.1 Torsional stiffness of prestressed girders. The torsional
stiffness can be calculated based on an equivalent rectangular cross section
for the I-shaped girder using the St. Venant formula. The equivalent

rectangle shown in Fig. 4.6a is assumed to have the following sides:

b=nh

(4.4)
c = 0.9 A/h
where
b = the lomnger side of the rectangle
= the shorter side of the rectangle (see Fig. 4.6a)
= height of the girder
A = cross-sectional area of the girder
The St. Venant formula is
Kr = Bbc3 (4.5)
where
Kr = torsional rigidity of the section
B = coefficient (0.141 <B< 0.333), which is a function of the

ratio b/c (see Fig. 4.7).
Multiplying Kr by the shear modulus of the section the torsional stiffness is

Torsional stiffness = KrG

where

E
c

¢ =TT+

4.2.4.2 Torsional stiffness of composite section. Composite sec-
tions gain their torsional stiffnesses from three different sources, i.e.,
the girder stiffness, the slab stiffness, and the joint effect. To calculate

the stiffness within the required accuracy:
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(1) The girder torsional stiffness is calculated as in Sec. 4.2.4.1.

(2) The slab torsional stiffness is obtained in the same way except
it must be multiplied by the ratio of (GS/G ) which represents
the shear modulus of slab materials related to girder material.

(3) For the joint effect, the following empirical expression was found
to be a very good approximation when compared with test results®3:

_ 2

joint 0.156 a (4.6)

where

a = the area of the rectangle inscribed in the joint,
as shown in Fig. 4.6b.

(4) Therefore, the torsional rigidity of the composite section is

+ .
Kcomp Kgirder Kslab Gs/Gg * Kjoint (4.7)
The torsional stiffness is obtained by multiplying this expression
by the shear modulus of the girder. The girder torsional stiffness
is then divided by two to transform it to the correct equivalent

plate element torsional stiffness.

4.3 Comﬁarison of Test Results--Simple Span Bridges

4.3.1 The University of Texas Test, 300 Skew Bridge. An accurate

microconcrete model of a standard 80 ft. span prestressed girder bridge

was built and tested at the Balcones Research Center of The University of
Texas at Austin. The scale factor was 5.5. Details of building and testing
this model were presented by Barboza.7 Figure 4.8 shows a plan view and
cross section of the bridge model, which had six prestressed precast concrete
girders and a reinforced cast-in-place concrete slab. The bridge had a

30° skew angle.

In the SLAB analysis the bridge is simulated by a mesh which has
22 stations of 4.14" in the x direction and 93 stations in the y direction,
each of which has an increment length of 2.39". The increments in the x
direction were chosen in order to have a minimum of four stations between
girders, while in the y direction the increments were based on the considera-
tion of the skew angle and location of supporting points. Later experience
| indicated that satisfactory results could have been obtained with substantially

fewer stations in the y direction.

Flexural and torsional stiffnesses of the slab were calculated as

recommended in Secs. 4.2.1 and 4.2.2, while the girdef values were obtained
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from auxiliary tests done on similar girders. The calculated girder
flexural stiffness as recommended in Sec. 4.2.3 was within 5.5 percent of
the tested values. All the parameters required for the computer simula-
tion are presented in Table 4.2. Girder flexural stiffness is input along
its axis in the mesh, while the composite girder torsional stiffness is
added to the two slab increments which adjoin the girders. Supporting
points are simulated with springs having constants of 1 x lO6 1b./in. A
model truck which had the same scale factor of 5.5 to simulate a H20-S1l6
standard truck, plus 25 percent impact load was used. The loads were
applied by hydfaulic jacks fixed to a loading frame with rubber pads used
at loading points to simulate the wheels. The bridge was instrumented with

42 strain gages in addition to 30 deflection dial gages.

Two typical load cases are compared with analytical solutions

using SLAB (SLAB36 version). These cases are an edge loading representing
an extreme case of load distribution and a central loading. The truck was
positioned in the longitudinal direction to have the west drive wheel fall
on the midspan at that location. Figures 4.9 and 4.10 show comparisons of
tests and analytical results for both deflection and moment in the girders
for these load cases. The multiplier x shown in the figures corresponds to
the number of truck overloads. The comparisons show excellent correlation
results at service load levels, which may be considered up to twice design
truck load. Such a range of loading represents the elastic range of the
bridge and no appreciable changes in stiffnesses occur. However, deviation
between tests and analytical results becomes apparent at three times design
truck load, at which the bridge is into the nonlinear region. Some cracks
in the beams were noticed at this load level, which means that stiffnesses
decreased from the original values, and, therefore, test results should be
greater than analytical results, based on the original stiffness values.
These figures show clearly that the discrete element method is very useful

and yielded results with high accuracy in obtaining solutions for this bridge.

The discontinuous interior diaphragm has a flexural stiffness equiva-
lent to a slab width of 31 in. The analytical analysis showed that such
diaphragms had negligible effect on the final results when comparative solu-

tions were run considering and ignoring diaphragm stiffness.



TABLE 4.2. 30° SKEW BRIDGE, THE UNIVERSITY OF TEXAS

DATA SHEET

Mesh size
m= 22
n = 93
Increment length
h, = 4,14 in,
X
h = 2,39 in.
y

Poisson's ratio = 0,167

S8lab stiffnesses

3 5 2
D =D = Et = 7,46 x 10° (lb.-in.%)/in.
Y 134 - A
_ - - - 5 .2 .
C, = Cy (1~ v D, = 6.2 x 10 (1b. 1n,)/rad./1n.

Girder stiffnesses

2

EI (from test) = 1,78 x 109 (lb.~in.

EI (calculated) = 1.88 x 109 (lb.-in.%)

Torsion (from test) = 6 x 107 (lb.-in.z)/in./radu
Diaphragms

7

D = 2,34 x 10 lb.-in,2

X
Supporting springs

§=1x 10% 1b./in.
Loading

Standard truck (H20-816) + Impact (25%)

49
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4.3.2 The University of Texas Test, 450 Skew Bridge. This bridge

model is the same type as that presented in the previous section, but it

had a skew angle of 45°, It was built and tested at The University of

Texas Civil Engineering Structures Research Laboratory at the Balcones
Research Center. Details of instrumentation and testing technique were
presented by Bakir.6 A plan view and a section are shown in Fig. 4.11. All
information presented in Table 4.2 is applicable for this bridge except for
the number of stations and increment lengths in the y direction, where 63
stations with lengths of 4,13 in. were used. (Note - only 42 stations are

used to model any girder span.)

The purpose of this model was to study the effect of skew angle on
the efficiency and accuracy of the discrete element method. Loading trucks
and their locations in the longitudinal direction are generally the same as
in the previous bridge. Figures 4.12 and 4.13 show the comparison of typical
test results with the analytical values for two load cases. One truck was
positioned at the middle of the cross section in the first case. In another
loading case the same truck, plus an extra one placed at the edge, acted
simultaneously on the bridge. Comparison of the results shows a good pre-
diction for the discrete element method for the elastic linear region up
to twice the design truck loads for the first case and to design truck load
for the two trucks of the second case. From these figures it is concluded
that the efficiency of the computer program did not change.due to the
increase of the skew angle of the bridge. The results at design loads were

excellent and highly accurate.

Ignoring the stiffness of the interior discontinuous diaphragms had
negligible effect on the final analytical results when comparative runs

were made.

4,3.3 A Bridge on Northern Illinois Toll Highway. A full-scale

test was performed by Janney and Eney29 on a bridge located on the Northern
Illinois Toll Highway. The two-lane bridge was tested as a single span,

and was an interior panel of a four-span continuous bridge when construction
was completed. The span was 70'-5", with a 20° skew angle. The cross section
was composed of six prestressed, precast I-shaped concrete girders spaced at

7'-6" center-to-center. A precast prestressed slab 2-1/2 in. thick was placed
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to span between the girders amd rested on a bed of mortar along each
supporting edge. These panels were jointed with each other with a groove-
type joint along the common joint. The top face of the panels was rake
finished to supply enough bond for the 5-in. thick cast-in-place reinforced
concrete slab. The precast elements served as formwork for :the cast-in-

place deck.

The plan view and a cross section of the bridge and girders are
shown in Fig. 4.14. The prestressed steel used in the girders was forty-
six 7/16 in. strands with an ultimate tensile strength of 255,000 psi.

The concrete strength of the prestressed slab panels was 6000 psi. The
cylinder strength of the cast-in-~-place deck was 1700 psi and the compressive

strength of cores taken from the test span was 2000 psi.

Stiffnesses of girders were derived from tests performed as part of
the study, and a value of the moment of inertia of the T-section was given
as 584,000 in.a, with an average modulus of elasticity of 4.12 x 106 psi.
The stiffnesses of the slab were based on the calculation of the gross
moment of inertia of the total thickness of 7-1/2 in., with an average
modulus of elasticity of 3.84 x 106 psi. The loading system was composed of
two concentrated loads, each spaced 8 ft. on either side of the midspan of
the loaded girder. The loads were applied with hydraulic rams manifolded

together in order to have an equal load furnished by each ram.

Two girders were chosen to represent the two load cases. Girder 1
represented an edge loading and Girder 4 represented a general interior
load case. Figure 4.l4 shows the numbering of the girders and the simula-
tion of the bridge by a mesh. Stations in each direction are also shown.

SLAB40 was used in the analysis.

A total load of 112,000 1b. was applied for each load case and a
measurement of deflections and moments at the midspan of each girder was
obtained. TFigure 4.15 shows a comparison of test and theoretical results
for the edge load. Figure 4.16 shows the same comparison for the interior
load case. The fine correlation indicates the prediction of the discrete

element model is very good.
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4.4 Continuous Span Bridges

Two study cases were considered for this type of bridge. The first
is a two-span, straight, half-scale bridge, and the second is a four-

span, skewed full-scale test.

4.4.1 PCA Test, A Two-Span Continuous Bridge. The Portland Cement

Association test was a two-span continuous, no skew, half-scale model bridge.
The bridge was built and tested at the PCA Research and Development Labora-
tories. Details on construction and test results are presented by Mattock
and Kaar.39 Figure 4.17 shows details of the bridge. The two equal spans
were each 33 ft. long. The cross section was composed of five prestressed
precast concrete girders spaced at 3'-3" on their centers, while the deck
was a cast-in-place reinforced concrete slab 3 in. thick. Continuity was
provided by both the cast-in-place concrete deck and the central diaphragm.
The prestressing steel used was seven-wire strand of 1/4 in. diameter with

a yield stress of 254,000 psi at 1 percent offset., The continuity reinforce-
ment was #4 deformed bars with a yield point of 48,500 psi, and the trans-
verse bars were deformed #3 with a yield point of 44,400 psi. The average
strength of the concrete in the ten girders was 5300 psi at 7 days, and the

average strength of the cast-in-place slab was 3520 psi at 28 days.

Flexural and torsional stiffnesses of the composite girders were
obtained by companion tests performed on a matching precast girder with a
deck slab, 3 ft.-3 in. wide and 3 in. thick. The test flexural stiffness

was found to be 9.219 x 1010 lb.-in.2 This stiffness is very close to

8.917 x 1010 1b.-in.2 as calculated from the gross transformed moment of
inertia of the section coupled with the measured concrete modulus. The
torsional stiffness of 3.410 x 109 1b.-in.2 was obtained from the torsional
test and is in excellent agreement with the value of 3.290 x 109 1b.-in.2
which is computed using the procedure outlined in Sec. 4.2.4.2. The flexural
and torsional stiffnesses of the slab were calculated using the elasticity

expressions. SLAB36 program was used in the analysis.

Two load cases were studied. One thousand pounds were placed at
the midspan of an edge girder (A), and the same load was then placed at the

midspan of the central girder (C). Comparison of the distribution of girder
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deflections and moments obtained from tests and theory for both load cases
are shown in Fig. 4.18 through Fig. 4.20. These figures show the useful-
ness and the accuracy of the analytical results for continuous bridges
when parameters involved in the solution are evaluated properly. This
comparison is especially useful in evaluating the accuracy of the analyti-
cal results for the case of a continuous bridge, since test results are
well-documented and are accompanied by comprehensive data on the behavior

of the different elements of the bridge.

4,4,2 A Bridge on Northern Illinois Toll Highway. This bridge,

shown in Fig. 4.21, is one of many grade separation structures on the
Illinois Toll Highway. It is composed of four continuous spans of 43'-
70'-70'43", with a 20° skew angle. The bridge was constructed using precast
prestressed concrete girders to span between piers and continuity was pro-
vided by both the cast-in-place reinforced concrete deck and the interior
diaphragms over the supports. Some of the details of the bridge are pre-
sented in Sec. 4.3.3 where the single span bridge presented in that section
is part of this continuous bridge. Other details and test results are
reported by Janney and Eney.29 Evaluation of stiffnesses are the same as
in Sec. 4.3.3. The SLAB40 computer program was used to analyze this bridge
for two concentrated loads applied at 8 ft. on either side of the midspan
of Girder 4 in Span 2. Simulation of the bridge into a mesh with 4 incre-

ments between girders and 16 or 26 increments per span is shown in Fig. 4.21.

The overall four-span bridge was divided into 20 stations in the
x direction and to 89 stations in the y direction. The slab stiffnesses were
input for the whole rectangular shape which bounds the actual skew shape,
while girder stiffnesses and supporting points were input only where they
actually existed in the rectangle. This means that two imaginary triangular
wedges were added to the deck to complete the rectangle, as shown in Fig. 4.21.
This alteration considerably reduces the number of cards in the input data,
thus reducing the designer's time. This type of simulation for a skew deck
is not valid when analyzing dead load on the bridge, since the incorrect
dead load of these wedges usually creates a large amount of actually non-
existent negative bending moment along the skew edge. If dead loads are
input only on the actual skew shape of the deck, there will be no saving of

work for the designer. To evaluate the effect of addition of the deck wedges
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in the analysis of live loads, the amount of negative moment at the end of
the loaded girder (station 12, 2 girder 4), was found to be only 23 lb.-in.,
as compared to the moment on the first interior support (station 12, 18) of

4,446 1b.-in. All other girder ends had much smaller error moments.

The comparison of test results and analytical values is shown in
Fig. 4.22 for both midspan deflection and moment for the girders in Span 2
of the bridge, when a load of 112 kips was applied on Girder 4. The com-
parison was very satisfactory and indicated the accuracy and ease of SLAB

in handling a continuous bridge.

4.5 Recommendations for Computer Simulation
of Prestressed Concrete Girder and Slab

Bridges

The accurate computer simulation of prestressed concrete girder and

slab bridges requires two basic items:

a. Correct simulation of the bridge by a gridwork system.

b. Realistic evaluation of bridge parameters.

4,5.1 Correct Simulation of the Bridge by a Gridwork System. In

selecting the gridwork proper attention must be paid to mesh size, boundary

conditions, type of loading, and location of supporting points.

(a) Mesh Size. Choice of mesh size is the first step in the simulation
and it is an important one, since an improper choice can lead to
either a costly solution or a crude one, as indicated in Sec. 3.5.1.
The size of the mesh in the transverse direction is a function of
the number of girders. Four to seven increments between girders
are found to be adequate. An increment less than four should not
be used. The increments in the longitudinal direction are a function
of skew angle and the number of spans in the bridge. Increments of

16 to 40 for each span usually yield very good results.

(b) Boundary Conditions. These include skew edges and presence of

external loads or restraints along the boundaries, such as axial
forces, external couples, and restraining ends. While these can be
handled easily and input directly, the methods suggested in Sec. 3.4

should be used for skew edges. When analyzing live loads, the slab



P = 112 kips

L4l

G.20

0.10 -

——{O——  Measured

Calculated

——m——

_ -

e

7

!
[
Ta}

Yy

o~

Girder deflections and moments with load in Span 2.

Fig. 4.22.

68

- m..m
(*ur) 7 ueds ut saapais (sd1y-‘ut moav z ueds ut

Jo uorjoeiiep uedspIK sa13p118 Jo judwow uwdsSpIW



(c)

69

can be considered as a rectangular plate with skewed supports to

greatly simplify the simulation without really affecting the results,

Loadings. All loadings must be input on the mesh nodes. For live
load cases when wheel loads fall inside a grid, the distribution of
the loads to the four nodes which bond the grid can be approximated

by the values given in Fig. 3.8.

(d) Supports. In the absence of reliable data to describe the behavior

of supports, a spring constant of the order of 1 x 108 1b./in. or
more may be used to simulate a nonyielding support. Supporting
points are input on nodes only and, for the case of nonskew edges,
such points may be input along the whole edge which includes both
slab and girder nodes. It is important to reemphasize that on
skew edges, supports must be input only for those nodes on the

girders that fall along the skew lines, as shown in Sec. 3.4.

4.5.2 Realistic Evaluation of Bridge Parameters. Parameters such

as stiffnesses, involved in the analytical solution, can be of great impor-

tance and may greatly influence the results of the solution. When authenti-

cated test values of the parameters cannot be obtained (as usual in design

stages), the following procedures are suggested:

(a) Poisson's Ratio. Poisson's ratio is a function of many variables.

(b)

(c)

An average value of this ratio for concrete is 0.16, and for steel
is 0.3. These values may be generally used, since girder and slab

type orthotropic bridges are not sensitive to Poisson's ratio.

Slab Flexural Stiffness. Since the solution is generally not sensi-

tive to this parameter, it can be calculated as

g t3
C

D =D = 757
X y 12(1 - uc)

While this expression is derived for an elastic homogeneous material,

it works well as an estimate for the concrete slab.

Slab Torsional Stiffness. Again, since the solution is generally not

gsensitive to it, the elasticity expression may be used. In the input

in the SLAB program, the stiffness of the torsional bars represents
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(d)

(e)

the torsional stiffness of the slab mesh. The value is calculated

as
Ect3
G =S T T V)

Girder Flexural Stiffness. This is a very important parameter

greatly affecting the results. Hence, an estimate within 10 percent
accuracy is suggested in Sec. 4.2.3 in the evaluation of girder
flexural stiffness. Such accuracy can be obtained by calculating
the gross transformed moment of inertia of the section and multiplying
it by the modulus of elasticity of concrete. For the girders in a
bridge, the composite section of the girders and the effective slab
should be used. The composite girder stiffness value can be input

along the line in the simulated mesh where the girders lie.

Girder Torsional Stiffness. The solution is not very sensitive to

girder torsional stiffness. Section 4.2.4 discussed the approxima-
tion of such stiffness within about 10 percent of test values. 1In
the same section a method is suggested which can be used for both
I-shaped cross sections and composite sections. When the girder
torsional stiffnesses are input in the SLAB program, the girder
stiffness must be added to the slab torsional stiffness. In order
to do this properly the girder (or line element) torsional stiff-
ness must be divided by two to transform it to the correct equiva-
lent plate element torsional stiffness. This transformed plate
stiffness is then added to the slab stiffness. If the girder falls
at the midpoint of a slab increment width, the transformed plate
stiffness is divided by the width of the element and the unit stiff-
ness is added to the slab stiffness. However, if the grid line
lies along the girder axis, the transformed plate stiffness is
divided into two equal parts. Each part is then divided by the
slab increment width and added to the slab torsional stiffness of

the adjacent meshes.



CHAPTER V

REINFORCED CONCRETE GIRDER BRIDGES

5.1 Introduction

Reinforced concrete girder bridges are extensively used for spans
between 25 and 100 ft.lO The statically determinate simple span bridges
are easier to design, but do not always represent the most economical solu-
tion of the problem. Continuity and monolithic construction have great

advantages, resulting in lighter, stronger, and more rigid structures.

Design and analysis of reinforced concrete structures can be com-
plicated if their nonlinear behavior is considered. Flexural rigidity is
a variable function which depends mainly on load levels, state of the
member, and composition of the material properties of the section. For a
reinforced concrete girder bridge, the main stiffness is always provided
by the girders and, therefore, any error in estimating girder stiffnesses
has a great influence on final results. Such influences could reach an
error level of doubling or even tripling the true value. This was shown in

Sec. 3.3 for the deflection of a simply supported beam.

To improve the accuracy of such computations, further development
in the method of estimating the girder stiffness is necessary. Such devel-
opment, based on the characteristics and properties of the section, was
achieved during this study by the generation of an accurate moment-curvature
relationship for a reinforced concrete section on a digital computer. A
program called MPHI was written to define the stiffness for the whole range
of loading and then the MPHI results were incorporated into the analysis of
bridges using SLAB programs. Two physical tests were considered for such
comparison. The first test is a single span bridge and the second is a

continuous girder bridge. Both were loaded with H20-S16 truck loads.
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5.2 The Formation of Flexural Cracks
in Reinforced Concrete Members

An important feature that greatly influences the behavior of a
reinforced concrete member is the formation of cracks. Cracks are formed
when the tensile force at any point exceeds the tensile strength of the
concrete, or when the strain exceeds its ductility. The uniform distribu-
tion of stresses in both concrete and steel in the tension zone along the
reinforcing bars becomes different after cracks occur and a wave shape
distribution of stresses results after cracks stabilize, as shown in
Fig. 5.1. When cracks form the local concrete stress suddenly drops to
zero, while steel stresses have a sudden increase. Then a redistribution
of stresses and strains in the vicinity of the cracks takes place, due to
the progressive slipping of the steel, and, therefore, the wave-shaped
distribution usually results.10 The dashed lines in Fig. 5.1b, ¢, d, and e

represent the instantaneous distribution immediately after the cracks form.

Crack opening is due to differential elongation between steel and
surrounding concrete. It is a function of steel area, bar diameter, stress
level, concrete cover and bond between concrete and steel. After a
stabilization of cracks is reached, it is found that a strong relationship
between the crack spacing and the ratio between bar diameter and steel per-
centage exists. Borges and Lima11 studied such relationships in an experi-
mental program, where 26 reinforced concrete beams were tested and analyzed
to determine what governs the spacing and width of cracks. The beams were
cast from the same quality concrete but different kinds of reinforcement
ware used. The mean distance between cracks was given by Eq. 5.1, where K

1
is obtained experimentally.

s=2+1<% (5.1)

where
S = mean crack spacing in inches
D = bar diameter in inches

area of tensile steel
concrete area

K.= 0.10 for plain mild steel
0.05 for high tensile and twisted plain steel
0.025 for deformed high tensile steel.

D
The figures given above for K, are obtained for p < 240.

1
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a - Cracks due to bending

€
y _ave b - Strain of steel
-
Ave fs
¢ - Stress of steel

d - Bond stress

e - Tensile stress in
concrete

Fig.5,1, Formation of cracks due to bending moment.
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When concrete strains in the region of tensile stress between
cracks and shrinkage effects are neglected as minor compared to steel

strains, then the mean width is

W =¢ -8 (5.2)

m m

where
W
m

€m

mean crack width.

mean steel strain.

Both beam test and tensile tests of bars embedded in concrete showed
the strong effect of steel percentage (p) on the relation between the calcu-
lated steel stresses (fS) and the mean strain (em). In this relation the
strain corresponding to a given stress decreases as steel percentage
decreases. Such variation becomes more pronounced for steel percentage

less than 1 percent. This relation can be expressed as
fs
=5 A - o) (5.3)

where K' is an empirical coefficient to determine the correction in steel
strain. A value of K' = 57 was adopted during the study. This value of K'
leads to strains slightly smaller than those observed for steel stresses
lower than 43,000 psi, and, therefore, the following expressions may be used

to estimate the mean crack width.
f

- _S Dyep - 2L .
Wo=g @+K DA of ) (5.4a)
S S
for fS < 43,000 psi.
Otherwise,
fs D
wm =5 (2 + K1 5) (5.4b)

where all units are in pounds and inches.

46
Another study by Rao to evaluate the effects of cracks on the
steel strain distribution in the tension zone is represented schematically
in Fig. 5.2. The expression used to arrive at the mean steel strain is

that of Eq. 5.5. This equation is similar in nature to that of Eq. 5.3.
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Fig., 5.2. Steel strain as a function of moment .
f!
€ =e -K— (5.5)
m s Ep
8
where
(e =€)
K = —s'—,-—nl—Ep, and
£ ]
t
fé = ultimate tensile strength of concrete.

The study, which relied on experimental work to evaluate the factor

K, showed that its wvalue could be estimated as

K = 0.18 —<E (5.6)
s
where
€p = steel strain at cracking moment based on cracked section
€, = steel strain at the level of moment under consideration based

on cracked section.



76

5.3 Theoretical Analysis of Moment-Curvature
Relationships for a Reinforced Concrete
Member

5.3.1 Steel Stress-Strain Relationship. In order to determine the

true behavior of reinforcement in a concrete section, the effect of cracks
on steel stresses and strains must be considered. This dictates that mean
steel stresses be considered. Thus, in order to take into account crack
effects, a family of curves must be used instead of a single curve to repre-
sent the relationship of the reinforcement stress-strain characteristics.

This approach has been shown to be very effective in dealing with nonlinear

analysis of reinforced concrete structures.lz’13 Equation 5.3 can be written
as
_ 57
€, = € ———pES (5.7)

The second term on the right-hand side of the equation represents
the amount of strain correction needed in order to arrive at the mean
strain. To establish the stress-strain relationship describing the behavior
of the reinforcing bar in a concrete member, the effect of tension cracks
is considered by defining the strain in terms of mean steel strain throughout
a cracked region. Obviously the mean steel strain is not only a function
of the physical properties of the steel observed from tension tests performed
on bar specimens but is also a function of the cross section of the rein-
forced member. Therefore, different stress-strain curves result from the
same kind of reinforcement when used in different members. The expfession
of mean steel strain given in Eq. 5.7 can be used to establish the curves
shown in Fig. 5.3 for different steel percentages and different types of
steel. Similarly, other curves could be calculated for different steel
percentages. This method can be easily handled by computers which generate

the required curves needed for the problem under consideration.

5.3.2 Concrete Stress-Strain Relationship. Compressive stress-

strain relationships obtained from tests on different quality concretes are
shown in Fig. 3.1. Many theoretical curves have been proposed by different
authors. Fowler18 compared theoretical shapes proposed by Kriz and Lee,
Risch, Todeschini, et al., and Hognestad. The curves look similar in shape
with some relatively minor differences in the descending parts of the

stress-strain relationship.
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. 25 .
The Hognestad stress-strain curve ~ has been widely accepted as
reasonably describing the relationship of the stress-strain curve for

concrete in flexural compression and so was used in the MPHI program.

The tensile strength of concrete varies with the method of test.
The stress-strain curve of concrete in tension obtained from different
kinds of loading for the same quality of concrete is shown in Fig. 5.4.
These specimens50 have dimensions of 6 in. by 3.5 in. by 24 in. Tests
were carried out at a concrete age of three days, and the average concrete
compression strength was an abnormally low 1650 psi. The tensile strength
of concrete can be expressed as a function of its compressive strength.
Ferguson17 has stated that tensile strength of concrete is about 10 to 15
percent of the compressive strength. ACI Committee 4353 suggests

LI [t 1
ft 7.5 fC to 12 Vfc (5.8)

where the smaller factor applies to higher strength concrete and larger
factor to lower strength concrete. The smaller factor is recommended by

ACI Committee 435 for general use.3
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Fig. 5.4. Tensile stress-strain relationships.
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5.3.3 Generation of Theoretical Moment-Curvature Relationships.

The moment-curvature relationship is the most useful curve for defining the
flexural stiffness of the member for the whole range of loadings. At any

level of loading the stiffness is merely equal to the slope of the curve.

Stiffness = EI = (5.9)

B IR

For a reinforced concrete member, both E and I vary with load. While the
moment of inertia has a distinct decrease as cracks form, the change in
modulus of elasticity corresponds mainly to the load level. Flexural cracks
usually occur at relatively low loads compared to the ultimate strength.
Such low levels of loading have only a small effect on the modulus. Thus,
the reduction in stiffness is mainly due to cracking for load levels up

to one-half of the ultimate strength.

The moment of inertia of the section may drop suddenly to about
one-third or even less of its gross value as soon as cracks occur. For any
section the uncracked and cracked values can easily be calculated. ACI Com-
mittee 4353’57 suggested an empirical expression based on a statistical study
of test results to estimate the effective moment of inertia of the section

after cracks form as

I =1 +(‘M—C-r——)3(1-1) (5.10)
eff cr M g cr )
max
féI
in which M = —2&
cr y
t
and f!' = 7.5Vf'
t c
where Mcr = cracking moment
M = maximum moment.
max

Equation 5.10 is wvalid whenrMmax > Mcr' Otherwise, the gross moment of

inertia is to be used.

Moment-curvature relationships for a cross section may be generated
on a computer by integrating stress-strain curves for both concrete and
steel. Different theoretical stress-strain relationships for the materials
used by various programs yield different shapes of the moment-curvature

relationship. To illustrate the difference possible, three programs
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MOMPHI,15 GMC,47 and MPHI will be compared, both in the input and output,

and in relation to test results.

While all programs used the same Hognestad stress-strain curve for
concrete in compression, the stress blocks for concrete in tension were
different from each other. Figure 5.5 shows the tensile stress block used in

each program.

The relationship used in program MPHI is assumed to initially be
parabolic, with the initial slope equal to EC. The parabola passes through
a specified point of maximum stress at an assumed strain of 0.0001. This
assumption seems to agree quite well with the general shape of the stress-
strain relationship of the concrete under tension, as shown in Fig. 5.4.
The assumed descending branch of the tensile block was chosen to approximate
the tensile stress distribution in the concrete block bounded by two flexural
cracks. The latter branch was found from a best fit with the test results.
The concrete tensile block used by program MOMPHI makes allowance for
inelasticity in the tension zone. The tensile block used in program GMC

is generally similar to that in MPHI.

The steel stress-strain relationship used with program MPHI is a
family of curves similar to those shown in Fig. 5.3, which makes allowance
for mean steel strain while for other programs a single curve is used which
makes no allowance for tension between cracks. The moment-curvature rela-
tionship obtained from a beam test reported by Macchi36 is shown in Fig. 5.6,
where the theoretical curves from all three programs are also shown. The
curve of ACI Committee 435 is calculated by coupling the effective moment
of inertia given by Eq. 5.10 with the 1963 ACI Building Code2 concrete
modulus. The two straight lines represent the stiffnesses based on the
elastic gross section and the elastic transformed cracked section. The
comparison shows clearly the effectiveness of program MPHI in predicting
the moment curvature relation for the beam. It shows the best agreement

with the test data.

5.4 MPHI Computer Program

The computer program MPHI, written in FORTRAN language, generates

the moment-curvature relationship for a reinforced concrete member where
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Fig. 5.5, Assumed tensile block used by different programs.
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cracks are anticipated in the section. The computation is based on
numerical methods with the member cross section divided into finite
rectangular ségments. Each of these segments has the area of the strip it
replaces in the cross section. The stress distribution across the section
is considered as piecewise linear. The calculation of stress in both con-
crete and steel is based on the theoretical stress-strain curves of the
materials. The Hognestad curve is used for the concrete in compression
and the stress block shown in Fig. 5.5c is used for concrete in tension.
The stress-strain curve for steel in tension is calculated by the program
on the basis of the mean steel strain. This is influenced by the crack
formation when the applied moment exceeds the cracking moment. The amount
of correction is discussed in Sec. 5.3.1, where it is shown that a family
of curves should be used instead of the single curve usually obtained from
bar specimen tests. The family of curves for steel in tension need not be
stored or input, since the program establishes the required curve according
to the strength of the steel and the reinforcement percentage. For steel
in compression the stress-strain curve is considered a bilinear curve with

a flat top. This is the usual case when an annealed bar specimen is tested.

The program begins by calculating the elastic center of the section.
This is the point at which an applied axial load will produce no bending
moment so that the section remains under uniform strain. Each point on the
moment-curvature relationship is found by determining the proper strain
profile which produces static equilibrium of forces on the section. The
program utilizes the bisection method in calculating the appropriate strain
profile. This method is often used in numerical analysis to find the roots
of a given function. The number of iterations in this program is limited
to twenty for each point. This suggests that if all iterations are executed
for an interval strain of Ae, the final results will be as close to the

true value as

Strain closure = é§6 = AG'IO.6

2

Such a strain closure will yield extremely low levels of stress increments in
both steel and concrete so that the program can also cut off iteration at

an optional load closure, as specified by the user. If not input, the
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program will consider the smallest value of either 1/1000 of the applied
axial load, if any, or a load which gives a uniform stress on the gross
section of 1 psi as the closure values. The flow chart is shown in Fig. 5.7, .

while the listing of the program is given in Appendix A.

Comparisons of moment-curvature relationships obtained from tests
with those from the MPHI program were made for a wide range of both rein-
forced concrete beams and columns as listed in Table 5.1. The table includes
a wide range of tensile steel percentage in the beams, ranging between 0.32
and 1.52 percent and includes concrete quality ranging from 3070 to 5250 psi.
The steel yield point is between 40,000 and 70,000 psi. This seems to be a
good range for practical reinforced concrete beams. The four columns listed
in the table are similar in dimensions, steel percentage, and yield points
of steel, with some variation in concrete quality. The main difference is
in the level of axial load applied on each column. This ranged between
14.65 kips and 60.2 kips, which is from 14.6 to 69.4 percent of the axial
load crushing strength of the columns. Comparisons between test results
and MPHI predictions for each member are shown in Figs. 5.8 through 5.20.

On these diagrams additional information is shown about test setup and other
member properties. The predictions of the program seem to be excellent for
all the members listed in Table 5.1. No reduction factor for ultimate con-
crete strength was used (fg = f;), since all members were tested under
laboratory control. A comparison with a reduction factor of 0.85 was shown

for the columns shown in Figs. 5.17 through 5.20.

5.5 Evaluation of Stiffnesses

5.5.1 Flexural and Torsional Slab Stiffnesses. The reinforced con-

crete slab stiffnesses can be evaluated in the same manner as presented in

Sec. 4.2.1 and 4.2.2.

5.5.2. Girder Flexural Stiffness. The flexural stiffness of girders

is the most influential parameter affecting the solution results, and, hence,
it should be carefully evaluated. The text of Secs. 5.2 and 5.3 described
the behavior of a reinforced concrete member with flexural loading, and it
was found in Sec. 5.4 that a theoretical moment-curvature relationship for

the member can be generated with high accuracy. Comparisons were made with
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TABLE 5.1,

PRINCIPAL PROPERTIES OF TESTED REINFORCED CONCRETE MEMBERS

(all units are inches and pounds, as required)

f

Member Symbol Section P% fé y S?e Ref.
b(in.) h(in.) (psi)  (psi)  Fie.
Beam P, & Q, 5.9 11.0 0.81 4080 60500 5.8 37
Beam TP1 6.0 15.8 0.56 5250 70000 5.6 36
Beam Al 7.9 15.8 1.50 3070 40000 5.9 19
Beam Bl 7.9 15 .4 0.92 3220 40000 5.10 19
Beam A2a 8.0 15,6 1,47 3300 57000 5.11 19
Beam A2b 7.8 15.6 1.52 4730 57000 5.16 19
Beam B2a 7.9 15.4 0.94 3680 57000 5.13 19
Beam C2b 7.9 15,2 0.32 5000 57000 5.14 19
Beam C2c 7.8 15.3 0.32 3760 57000 5.15 19
Beam C3 7.9 15.2 0.32 3200 57000 5.16 19
Column c3 6.1 4.0 1.06 4150 51800 5.17 14
Column C5 6.1 4.0 1.06 3005 52100 5.18 14
Column Cé 6.1 4,0 1.06 3030 50175 5.19 14
Column c7 6.1 4.0 1.06 3670 51800 5.20 14
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test results for those members described in Table 5.1. A single run of

the MPHI program will provide the required stiffness at various sections
along the girder length if reinforcement or dimensions vary. The program
also calculates the gross moment of inertia of each section and the modulus

of elasticity of the concrete.

The SLAB program ought to be used in an iterative manner in the
analysis of continuous reinforced concrete bridges. In the first cycle the
stiffnesses of girders along their length can be input based on the gross
moment of inertia of the sections. Then revised stiffnesses can be deter-
mined based on the moments carried by the members as found from the output
of MPHI program. For the two bridge studies (comparison with test results
is shown in Sec. 5.6), good theoretical results are obtained with only a

single iteration after the first solution.

In the first solution it is clear that an overestimate of bridge
stiffness will usually result, since the gross moment of inertia of the
sections is used for the entire bridge. This would be a fairly good
approximation if there were no flexural cracks in the bridge. This rarely
occurs in a reinforced concrete bridge unless specific attempts are made
to design to prevent cracking under service loads. The amount of such an
overestimation of flexural stiffness when the gross moment of inertia is
used depends mainly on the level of loading on the bridge and the portion

of the bridge which is loaded beyond its cracking moment.

In the Hillsboro Bridge, the measured deflection for the load case
(presented in Table 5.2) was 0.372 in.43 The computed result from the first
(gross section) approximation of stiffnesses gave a deflection of 0.294 in.,
which is 21 percent too low. A value of 0.384 in. is obtained by refining
the stiffnesses using the MPHI program. However, an overestimated value of
0.560 in. was obtained when stiffnesses were refined according to those given

by the GMC program which approaches the cracked section stiffness.

It is clear, however, that highly accurate results could be
obtained for even a complex reinforced concrete bridge if the stiffnesses
were evaluated correctly. Hence, since the flexural stiffnesses calculated
using the MPHI program provide the best estimate for such parameters for all
members studied in testing the program, girder flexural stiffnesses should

be determined using the MPHI program.
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5.5.3 Girder Torsional Stiffness. The importance of the girders'

torsional stiffness is in the distribution of applied loads on the bridge
as carried by the girders across the section. Therefore, torsional shear
stresses usually occur in girders. The level of such stresses in reality
is low, and, hence, the section can be analyzed elastically. The torsional
stiffness of a section composed of a number of rectangles can be obtained
by summing up the torsional stiffness of the individual rectangles.49 An
isolated typical section of a reinforced concrete girder in a bridge is
shown as the T-beam of Fig. 5.2la. It should be noted that the flange of
the beam is part of the continuous slab and such continuity would reduce
the stiffness of the member. The torsional stiffness of a rectangular
section as shown in Fig. 5.21b can be obtained using St. Venant's formula

(see Sec. 4.2.4).
Torsional stiffness = Bbc3G (5.11)

where the factor B may be obtained from Fig. 4.7.

The membrane analogy gives a simple interpretation of the torsion
problem. If a thin membrane covers the section and a uniform pressure is
applied on the membrane, then twice the volume swept by the membrane is
equal to the torque, provided that F/S = 2G6.58 The slope at any point on
the membrane corresponds to the shear stress. For a rectangular section

the equilibrium of the parabolic shape of the membrane shown in Fig. 5.21c

yields
2
5 = 35
8S
2 gbc3
Volume = 3 cdb = 125
bc3
Torque = 2y = ==
6S
_ 1,9
= 3 bc~OG
. . 1 3
and torsional stiffness = 3 be™G (5.12)

This stiffness can be calculated from the integration of shear stresses
across the section. The stress distribution is shown in Fig. 5.21d. The

deflected shape of the parabola is obtained as
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2
_ 48 e 2
Z = 2 ( 4 x )
c
dz _ _86x _ _ g
dx c2 S

The corresponding stress = 2GOx

c/? 9
Torque = J 2GHx bdx
-c/?
_1,.3
=% bc T HG
. . 1 3
and torsional stiffness = 3 bc™G (5.13)

This stiffness is one-half the previous value of Eq. 5.12. The difference
is due to neglecting the shear stresses at the ends of the rectangle which
have a large lever arm, since such stresses are not present in a continuous
section. This suggests that only one-half of the torsional stiffness of
flanges of the isolated T-beam should be included in the calculation of
the torsional stiffness and, hence, the following expression can be used

to estimate such stiffness

Torsional stiffness = BlblC3G + % szZCSG (5.14)

where Bl and BZ are shape factors to be calculated from Fig. 4.7.

5.6 Comparison of Analytical and Test Results

5.6.1 The Chili Avenue Bridge--A Simple Span Structure.5 This

prototype, a cast-in-place, reinforced concrete bridge, was designed, con-
structed, and instrumented under the supervision of the New "York State
Department of Transportation. The Bureau of Public Roads furnished the
recording equipment and the personnel required for the test. Located in
Rochester, New York, the structure (see Fig. 5.22) is the middle span of a
simply supported three-span, four-lane, one-way traffic bridge. The span
is 66 ft. with a skew angle of 14°-20'. The cross section is composed of
seven monolithic beams having a stem width of 10 in. The beams are spaced

at 7'-11" on centers. The reinforced concrete deck has a thickness of 7"
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which forms the 50 ft. road width. A plan view and a cross section of the
bridge are shown in Fig. 5.22. A432 high strength steel (fy > 60 ksi)
reinforcement was used with the cast-in-place concrete having a minimum

28 days compressive strength of 4000 psi.

The structure was simulated by a mesh size of 28 increments in the
x direction which gave a 4-increment spacing between beams. For the y
direction 39 increments were used. Increment lengths were 23.75 and 24.00
respectively. Stiffness of the deck was evaluated as explained in
Secs. 4.2.1 and 4.2.2. Torsional stiffness of girders was evaluated as in
Sec. 5.5.3. The flexural stiffnesses of girders were obtained from the
generation of the moment-curvature curves for the sections, using the MPHI
program with a reduction factor of 0.85, i.e. (fg = O.85fé). Two curves
are shown in Fig. 5.23 for typical interior and exterior beams. Two load
cases were considered in the comparison of analytical and test results.
These cases are positions 4 and 5 for the H20-S16 truck load when its

centerline passed over Beams B3 and B2, respectively.

In the analysis program SLAB40 was used in an iterative manner
where the flexural stiffness of the girder was the variable. In the first
run of the program the elastic gross flexural stiffnesses were used to
find initial moments. From this first approximation the values of the
flexural stiffnesses were refined by entering the established moment curva-
ture curves for the beams obtained from the MPHI program using the initial

solution moments. Revised stiffnesses were used for a new solution. Two
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iterations of SLAB40 were found to be sufficient for the analysis, since very

close results were obtained from the second solution. The comparison of

computed and measured girder deflections and load distributions for both

load cases are shown in Figs. 5.24 and 5.25. The distribution of truck loads

to girders was based on the measured steel stresses at the bottom of the

girders, while in the analytical analysis the load distribution was based

on the bending moment computed for each girder. Both girder deflections and

load distribution patterns showed excellent agreement with test results

after the flexural stiffnesses of beams were refined according to the results

of MPHI program using two iterative cycles.
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5.6.2 The Hillsboro Bridge-~-A Four-Span Continuous Structure.43

The Texas Highway Department initiated the test of this prototype crossroad
structure over Interstate Highway 35 near Hillsboro, Texas. The experimental
phases were performed with the cooperation of the U. S. Bureau of Public
Roads. This haunched girder bridge, shown in Fig. 5.26, was built of cast-
in-place concrete having an average 28-day strength of 5000 psi, and
reinforced with A432 high strength steel having a minimum yield point of
60,000 psi. The girders are continuous over four spans of lengths
55'-88'-88'-55". The stem of the girders is of uniform width of 2 ft.-
4-1/2 in. The total depth is 2 ft.-3 in. in the uniform thickness regions
and is increased to 4 ft.-9 in. over the interior supports. The slab was
cast monolithically with the girders and has a thickness of 6-1/2 in. This
formed a two-lane roadway 24 ft. wide. The structure had a skew angle of
30°-22'. A plan view with a longitudinal elevation and a cross section is

shown in Fig. 5.26.

The simulation of the bridge into an orthotropic mesh is made by
choosing a mesh size of 14 increments in the transverse x direction and
118 increments in the longitudinal y direction. The increment lengths are
21.3 in. and 30 in., respectively. Slab stiffnesses are calculated as in
Secs. 4.2.1 and 4.2.2. The stiffness of the girders is evaluated at each
section along the span as shown in Fig. 5.26b. The torsional stiffness is
calculated as in Sec. 5.3 for the same sections. The girder flexural stiff-
ness is evaluated from the theoretical moment-curvature relationships at
each section using fg = 0.85f;. Figure 5.27 shows the positive moment-
curvature relationships of the beams at section 7, as described by both MPHI
and MC programs. The relationship for the negative moment of beams at
section 12 is shown in Fig. 5.28. 1In these figures the gross stiffnesses
of the sections are shown as a linear relationship. The two theoretical
curves of the moment-curvature relationship obtained fram the MPHI and GMC
computer programs are used separately to obtain a solution and a comparison

between the results is made.

SLAB40 is used in the analysis in an iterative process. 1In the
first run the flexural stiffness of girders based on elastic gross section
moments of inertia was used and then a refinement of the stiffness based

on the moment-curvature characteristics of the sections, as described by
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the two theoretical curves, was input for a second run. Test results

and the corresponding analytical values for the midspan deflection of girder 2
for lane 3 loading are compared in Table 5.2. The only variable in the
analytical results is the source of the flexural stiffnesses of the girders.
The load case considered is the H20-S16 truck load passing over the longi-
tudinal median line of the bridge. The comparison shows clearly the

effectiveness of the predictions of section stiffness by using MPHI program.

Another load case considered was the normal traffic lane in lane 2,
as specified in the report of the Texas Highway Department.43 The compari-
son between tested values and analytical results of the midspan deflection
obtained by using stiffnesses provided by MPHI program is shown in Fig. 5.29.

The comparison shows very good agreement between test and computer results.

5.7 Recommendation for Computer Simulation
of Reinforced Concrete Girder Bridges

The detailed recommendations for simulation of girder and slab
bridges by gridwork systems, presented in Sec. 4.5.1 is fully applicable
for reinforced concrete bridges. In Sec. 4.5.2 the torsional and flexural
stiffness of girders should be evaluated according to the findings of this

chapter, while the rest of the parameters are applicable without change.

The torsional stiffness of a reinforced concrete girder is pre-
sented in Sec. 5.5.3, and an evaluation method for this parameter is sug-
gested, The stiffness may be obtained on the basis of summing up the
stiffness of the individual rectangles which comprise the cross section of
the girder. Half of the calculated stiffness of the rectangles which com-
prise the girder flanges should be considered. This reduction is due to
the fact that such flanges are usually a part of a continuous deck. The

stiffness of the individual rectangle may be calculated as follows:

Torsional stiffness = Bbc3G

where

w
L]

a factor may be calculated from Fig. 4.7

longer side of the rectangle

shorter side of the rectangle

0
1§

shear modulus of the material

[+p]
]
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TABLE 5.2. MIDSPAN DEFLECTION AND STRESS OF THE CENTRAL
BEAM AT THE THIRD SPAN OF THE BRIDGE DUE TO
CENTRAL TRUCK LOAD.

7% deviation

Deflection (in,) from tested 5 mph

Test (5 mph) 0.372 0
Test (10 mph) 0.386 +4
Theory (gross inertia of beams) 0.29 =26
Theory (stiffness from MPHI) 0.384 +3
Theory (stiffness from GMC) 0.56 451
Theory (cracked inertia of beams) 0.955 - +157

% deviation

Stress (psi from test (5 mph)
Test (5 mph) 4850 0
Test (10 mph) 4600 -5
Theory (gross inertia for beams) 5600 +15
Theory (stiffness from MPHI) 5300 49
Theory (stiffness from GMC) 6500 +34

Theory (cracked inertia of beams) 7080 +46




Deflection (inches) at Midspan

Bl B2
Test (5 mph) 0.37 0.34
Test (10 mph) 0.405 0,395
Theory (static) 0.428 0.361
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The flexural stiffness of the girders is to be evaluated from the
moment-curvature relationships as described by the MPHI program. Such
relationships should be established for the different sections of the
girder when the dimensions or reinforcements are varied. At this stage
all parameters are defined for the input in the SLAB program. The com-
plete solution is obtained in an iteration method, where the flexural
stiffness of girders is the only input variable. The elastic gross
flexural stiffnesses are used in the first run with SLAB then refined
values of stiffness are found from the moment-curvature curves for each
value of moment and these are used in the iterations. It was found that
a single iteration, after the first gross section run, gave good results
for the load cases studied for both bridges presented in this chapter. The
stiffnesses should be refined according to the total bending moment imposed
on the sections, which naturally includes the dead load moments in addition

to any other live loads under consideration.



CHAPTER VI

STEEL GIRDER BRIDGES

6.1 Introduction

Concrete deck and steel girder bridges are often built from plate
girders or rolled steel sections with or without stiffening cover plates.
Fully composite action between the top flanges of the steel girders and
the concrete slab is usually ensured by shear connectors attached to the
flanges and embedded in the deck. The performance of bridges built com-
positely is much better than with noncomposite construction. A comparison
(see Table 6.1) between the performance of two bridges, B3 and A4, as
reported by the Highway Research Board,24 indicates the effectiveness of
composite action. Both bridges are nearly similar in properties, except
that bridge B3 was built compositely while no shear connectors were added

to bridge A4.

In this chapter methods for computer simulation of both composite
and noncomposite steel girder bridges are presented. Computer solutions
are compared with physical tests of both simple and continuous span struc-

tures and recommendations are made for evaluation of certain parameters.

6.2 Stiffnesses of Composite Bridges

6.2.1 Flexural Stiffness of Composite Sections. Ordinary elastic

analysis transformed section theory for the entire composite section was
used to estimate girder flexural stiffness for a composite bridge.
Kaczmarek30 showed good agreement between this analytical method and test
results. This method was also used to evaluate the girder flexural stiffness
in this study and was found to be an effective measure yielding very good

correlation between analytical and test results.

The elastic stiffness of a composite beam is calculated by replacing

the effective width of the concrete slab with its equivalent "steel' value
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TABLE 6.1. PROPERTIES AND PERFORMANCE DATA OF B3 AND A4

BRIDGES24

Bridge B3 Bridge A4
Composite Noncomposite
Beam size (3 Beams) 18WF60 18WF60
Cover plate (bottom only) 18' -6" 19'-0"
Slab thickness (in.) 6 .45 6 .45
Mean compression strength at
beginning of the test (psi) 5740 5460
Stiffness of bridge at midspan 6 6
(kip-in.?) 384.3 x 10 126.5 x 10
Computed natural frequency (cps) 4,52 2,64
Live load defléction at midspan
of central beam (in,) 0.79 2,37
Permanent set deflection at midspan
of central beam (in.) 0.06 3.36%
Average impact (percent) 12.8 29,2

*Permanent set caused due to the yield of the flanges of the beams,



as transformed by the modular ratio of steel and concrete.
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The moment of

inertia of the hypothetical section is obtained and the elastic stiffness

(EI) determined using the steel modulus of elasticity.

is not valid near yielding but
bridges at service loads. The
of composite bridges discussed

errors do not occur at service

This stiffness (EI)
may generally be used for the analysis of
nonlinear effect on the flexural stiffness
in Sec. 3.3 indicates that appreciable

load levels.

6.2.2 Torsional Stiffness of Composite Sections. The differen-

tial equation for an open section subjected to nonuniform torsion (warping

torsion) may be written a320’23
2 ™,
(plll - )\ (pl = ﬁ (6.1)
where
2. ox
ET
W
and Mz = torsional moment
¢© = angle of twist
G = modulus of rigidity of the material
KT = §St. Venant torsion constant
E = modulus of elasticity of the material
Iw = warping moment of inertia.
A general solution of Eq. 6.1 can be written as
Mz
© = C1 + C2 cosh(Az) + C3 sinh(Az) + 22 (6.2)
A"EI
W
where

Cl’ C2, and C3 are constants which can be found from the boundary

conditions of the problem, and Z is the longitudinal axis of the member.

The boundary conditions and the complete solution of the differ-
ential equation are presented in Table 6.2 for three cases of beam end

conditions. Other cases may be found in Ref. 23,

The application of Eq. 6.2 requires the evaluation of the properties
of the particular section under consideration. The sectional parameters

affecting torsion are (GKT) and (EIw)'
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TABLE 6.2.

WARPING TORSION FOR SOME END CONDITION CASES OF BEAMS

Pinned Ends Cantilever Fixed Ends
Type of
M M M M M
Beam <. L z L £ z; L.z
— 2z — 2z — 2z
at z=0 ¢=0 at z =0 ¢ =0 at z= 0 ¢=20
Boundary
¢" = 0 ¢' = 0 dl =0
Conditions
at z=L " =0 at z = L ¢" =0 at z=L ¢' =0
Solution dl ¢2 ¢3
M 2
where dl = 6k;"
“52 = Mz [Az - sinh (Az) +tanh (AL) (cosh (A z) -1)]
KGKT
M cosh ( L) -1 _ sinh (A7)
¢3 = ¢ % sinh O, L) ) (cosh (A z)- 1)4(z ) )

=
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The problem of nonuniform torsion in open, thin-walled members,
composed of any number of different materials has been studied by McManus
and Culver.40 The particular case of a composite steel beam with concrete
slab is considered as a special case. The sectional properties of a

member composed of two materials can be written as

1 3 3 3
GKT = 3 (2 Gsbs tf + GS h tw + Gcbctc) (6.3)
17 Et.bd®  Etb(atb-c-d?
EIw = 3 [( s f's + ccCc s +
A 4
Estfbg (@+b-c - d)? E_t (b - b) )
7 + Z [(bsc - bc(a + b - d)

+ (bsc - bc (a+ b - d) (bs(a + b -c - 4d))

+ (b, (a+b-c- a2 ]] (6.4)

where all variables of Eq. 6.3 are shown in Fig. 6.1.

bC
| -
- t - - -
C
S = shear center tf T 'ls b
B = centroid Y
- h B o]
a=y - tf/2
t - it d
cE - l t X _J
2 °f 0 L

d=a-Y, ’ b, I

Fig. 6.1. Geometrical parameters of a T-section.
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Location of the centroid of the hypothetical section with plates
related to their modulus of elasticity is
tc h
bctcEc(h + 2tf + 5—) + bsthS(h + 2tf) + hths[(f) + tf]

-, _
y btE +2bt.E +htFE (6.5)
ccec s fs w s

The shear center S is found as4
3 3 3 3 3
2ZEt b"(a-b+c) -Et (2bbb+ b’c - 3b”c - 3b"b ¢c)
y = s £'s c c c s s (] (6.6)
° 2(2E t.b> + E t b)
s £'s ccec

The above expressions define the geometrical parameters for a com-
posite section. These equations together with those of Table 6.2 governing
the torsion problem are troublesome for hand calculation. Hence, a computer
program called TORSION has been written to evaluate the angle of twist and
the rigidity of a composite beam along its length. The program solves the
three cases specified in Table 6.2. The listing of the program is given in

Appendix A.

Any significant effect of the girder torsional sitffness would occur
in the distribution of the lateral loads to the various girders across the
bridge. The effect of ignoring the torsional stiffness of the girders was
studied (see Sec. 6.4.1) for a typical composite bridge (Bridge S15 of
Ref. 42). This study showed that completely neglecting torsional stiffness
caused a deviation for the calculated maximum deflection of 3 percent for an
edge-point load and of 7 percent for a central load from a set of reference
calculations considering the full stiffness. The corresponding values for
bending moments were 6 percent and 4 percent, respectively. The load case
was a single point load placed at girder midspan. Similar studies for the
Patuxent Bridge51 showed the same order of magnitude error in the final
results. The effect of fully neglecting torsional stiffness on maximum
deflection with an edge truck loading was calculated to be 4 percent and was
almost the same as for a central truck loading. The corresponding values

for maximum beam bending moments were 2 percent and 5 percent, respectively.

It is apparent that girder torsional stiffness does not represent
the critical parameter in obtaining usable final results for most. routine

cases. The torsional stiffness of a restrained composite member varies
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along the length due to the warping effect. The influence of warping

tends to increase the stiffness in the vicinity of the restraining points.
This increase diminishes rapidly along the length of the member. The
relative portion of span length affected by the warping becomes smaller
with longer spans. 1In cases where torsional stiffness is important, the
program TORSION can be used to evaluate the stiffness for any number of
sections along the girder. The number of 21 stations was arbitrarily used
in the program. The average value of these calculated torsional stiffnesses
can be used in the input of the SLAB program to obtain the final solution

for the bridge.

6.3 Stiffnesses of Noncomposite Bridges

6.3.1 Flexural Stiffness of Noncomposite Sections. Calculations

based on the addition of stiffnesses contributed by the individual component
subsectional material are used to evaluate the flexural stiffness of the
full noncomposite section. This estimate of the section's stiffness actually
represents the hypothetical case of completely ignoring the contribution

of the interaction between the slab deck and the top flange of the steel
section. Some amount of additional stiffness will ordinarily be present
from the friction which exists between the two surfaces when the members
bend. Such interaction usually is not of a large magnitude and depends not
only on the natural bond between the steel and concrete but also on the
roughness of the surfaces. It is particularly difficult to justify even

the existence of the natural bond in a bridge which has been in service for
a period of time and where the vibration and impact of the traffic on the

structure should be enough to destroy any such bond.

In designing noncomposite bridges the interactions between the con-
crete and steel section are assumed irrelevant and it is common practice
to ignore their effect on the stiffness. Therefore, the sum of the stiff-
nesses of the individual components represents a lower bond for the actual

stiffness of the member and is slightly on the conservative side.

6.3.2 Torsional Stiffness of Noncomposite Sections., The torsional

rigidity of a thin-walled open section may be calculated from Eq. 4.5 using
values of the function (K) for the section from Roark's tables48 or using

Fig. 4.7. The torsional stiffness is then obtained as the value of (KG),
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where G is the modulus of rigidity. The concrete and the steel section
which form a noncomposite section may each be considered as an open thin-
walled section. The torsional properties of rolled steel sections can be
picked up directly from a handbook.23 The corresponding values for built
up steel sections and concrete decks can be calcul ated with the use of the
St. Venant formula for an open thin-walled section.48 In general, for a

steel section, the ratio of plate widths to the thickness is large and,

hence, Eq. 4.5 may be approximated as

n
= 1 3
K = 3 & biti 4 (6.7)
i=1
where
. .th

bi = width of the i~ plate

t, = thickness of the ith plate

n = number of plates in the section.

Therefore, the summation of the torsional stiffness (KG) of each

component of the section gives the stiffness of the noncomposite member.

6.4 Comparison of Analytical and Test Results

6.4.1 University of Illinois-Composite Single Span Bridge S15.

This quarter-scale model, nonskew, single span, composite bridge was tested
at the University of Illinois Experimental Station. Results of the test
were reported by Newmark, Siess, and Penman.42 The bridge is composed of
five 10JB9.0 girders, spaced at 18 in. on centers. The reinforced concrete
slab is 1.75 in. thick and the span length is 15 ft. The composite action
was provided by shear connectors attached to the top flanges of the steel

girders and embedded in the concrete deck.

A mesh size of 16 by 18 increments was used to simulate this
structure., The 16 increments across the bridge were used to give a 4 incre-
ment spacing between the girders. The flexural and torsional stiffnesses of
the girders were computed using Secs. 6.2.1 and 6.2.2. Other parameters were
evaluated from the physical properties of the structure. Point loads were

used to test this bridge model.

The excellent correlation between the influence lines obtained from

test and from theory is shown in Figs. 6.2 and 6.3. These influence 1lines
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are for a 1 kip load moving across the midspan of the bridge. Figure 6.4
shows a comparison between the measured and computed midspan girder deflec-
tions for the four point loads of 5 kips each applied at midspan. Table 6.3
shows the relatively minor effect of ignoring the girder torsional stiffnesses
on the theoretical results for a single load at the midspan of beam 1, as

compared with test values.

TABLE 6.3. INFLUENCE OF GIRDER TORSIONAL STIFFNESS ON
FINAL RESULTS FOR A SINGLE LOAD AT MIDSPAN

OF Bl.
Bl B2 B3 B4 BS

Deflection (in./1 kip)

Test .032 017 .007 .00 - .004
Theory with Torsion 031 015 .005 .00 -.003
Theory without Torsion .034 015 004 001 - ,004
Strain (107% in./in./kip)

Test 90 40 10 0 -5
Theory with Torsion 97 39 11 0 -6
Theory without Torsion 103 40 10 -3 -8

6.4.2 Patuxent River Bridge--A Composite Single Span Structure.

This nonskew bridge consists of three simply supported spans. The single
span adjacent to the west bank of the Patuxent River was tested.51 The
bridge is located over the Patuxent River, on Maryland Route 4. A plan
view and a cross section are shown in Fig. 6.5. The span is 80 ft. in
length and the cross section is composed of five rolled steel beams with
welded cover plates at their central portions. The composite action was
provided by shear connectors attached to the steel beams and embedded in
the 7 in. concrete deck slab. A BPR vehicle was used to load the bridge.

This vehicle closely approximated the standard AASHO (H20-S516) truck load.
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A mesh of 16 by 32 increments was used for computer simulation.
The smaller number of increments was applied in the transverse direction.
The computer study of this structure included (a) two assumptions for
evaluating the flexural stiffness of the composite girders, (b) the effect
of ignoring Poisson's ratio, (c) the effect of ignoring the girder torsional
stiffness, and (d) the effect of the interior diaphragms. The girder flex-
ural stiffnesses were evaluated for two different assumptions as to the
effective width of the concrete slab. In one analysis, an effective slab
width of only 12 slab thicknesses, according to AASHO specifications,1 was
used to evaluate the girder stiffness. In the other case, girder stiff-
nesses were obtained for an effective slab width equal to the full spacing

distance between beams (14 slab thickness).

Two load cases were considered in the analysis. They are CD1l2 and
CD3, as they were designated in the report.51 The first load case corre-
sponded to an edge loading while the other case was for a central loading
on the bridge. Comparison of tests and analytical results for midspan strains
and deflections of beams are shown in Figs. 6.6 and 6.7. The effect of

Poisson's ratio on the final results is summarized in Table 6.4.

TABLE 6.4. EFFECT OF POISSON'S RATIO ON FINAL RESULTS

Calculated Load Considering Ignoring Error
Function Case Poisson's Ratio Poisson's Ratio
Maximum CD12 0.2474 0.2487 +0.52%
Deflection
(in.) CD3 . 0.2535 0.2505 -1,2%

Maximum CDh12 6623 6654 +0.527,
Moment

(in.-kips) CD3 4256 4211 -1.07%

SLAB40 was used to obtain the theoretical results. The analytical
results, as calculated for full center-to-center slab effectiveness in com-
puting girder stiffnesses, were in good agreement with test values. The

torsional stiffness of beams had a minor effect on the final theoretical
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results which ranged between 2 and 8 percent when such stiffnesses were
ignored completely. The effect of Poisson's ratio was much lower and could

be considered as negligible, as shown in Table 6.4.

The interior diaphragms between girders were continuous across the
bridge and placed at the quarter points along the span. The flexural
stiffness was calculated as being 1.65 x 107 (kip—in.z). This stiffness
is equivalent to a slab strip having a width of 115 in. Ignoring the
stiffness of these diaphragms in the computations changed the final analyti-
cal results approximately 2 percent in terms of maximum deflection and
approximately 2.4 percent in terms of the maximum moment with an edge truck
load (CD 12). Corresponding changes with = central truck load (CD 3) were
6 and 8 percent, respectively. It is obvious that the effectiveness of
the interior diaphragms is greater for the central loading, since the dia-
phragms tend to distribute the load in both directions on either side of
the loaded girders. It should be noted that in this case the diaphragm

stiffnesses are relatively high when compared to the slab stiffness.

The comparison of the theoretical and test results of girder deflec-
tions and strains shown in Fig. 6.6 indicates that the tested bridge was
stiffer than the calculated values. The analytical results show an over-
estimation of the test values by 14 percent in the maximum deflection and
17 percent in the maximum strain. The calculated girder flexural stiffness
was based on assumptions regarding the shape and properties of the concrete
deck. There were no test data reported for the concrete but an assumed
modulus of elasticity of 5000 ksi was presented in the report.51 The bridge
cross section shows undimensioned haunches in the deck which increased the
slab thickness over the top flange of the girders. This thickness increase
was ignored in the calculation of the girder flexural stiffness used in the
analysis. Taking into account these haunches would increase the girder
stiffness and would yield lower calculated results, the magnitude of such
effects was simulated by an assumed drop of the top steel flange 1.5 in.
below the bottom of the deck with an assumed elasticity of the concrete of
5500 ksi. This caused an increase in the calculated flexural stiffness of
the composite girders by as much as 1l percent. This increase in stiffness

could make the theoretical results very close to the test values and an
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excellent correlation would then be obtained. 1In view of these uncertainties,

the accuracy actually obtained is acceptable.

6.4.3 Patuxent River Bridge--Composite Three-Span Continuous

Structure. A plan view and a section are shown in Fig. 6.8. The three
spans which form this composite, continuous, skew bridge are 65'-85'-65".
The skew angle is 21°-09'. This structure carries the north bound traffic
on U.S. Route 1 over the Patuxent River at Laurel, Maryland. The cross
section is composed of seven rolled steel beams with additional welded
cover plates over the interior supports. The spiral type shear connectors
attached to the top flange of beams were embedded in the 7 in. deck slab to
ensure composite action. The test results and more details are reported in

Ref. 22.

A 24 by 112 increment mesh was used in the simulation of the bridge.
The stiffnesses were evaluated from the reported physical properties of
the structure. Using the procedures of Secs. 6.2.1 and 6.2.2, the composite
action of the sidewalks was considered in the calculation of the flexural
stiffness of the exterior girders. Two load cases with BPR trucks were con-
sidered in the analysis. They are Bl and Fl as referred to in the report.22
The BPR truck closely approximated the standard AASHO (H20-S16) truck.
Section B is at the middle of the south span, while section F is at the
middle of the central span. The number which appears in the load cases refer
to a curb loading lane, where the truck passed as close as feasible to the

east curb of the bridge.

Figures 6.9 through 6.12 show the comparison of test and calculated
results. The measured strains on the girder bottom flanges across section Fl
(as shown in Fig. 6.10) indicate a probable defect or mistake in reading or
reporting the strain gages for girders 2, 3, and 4. A possible mistake in
the values of reported strains for girder 4 is more likely, since there was
inconsistency in the values of this point when compared to the same position
taken from the distribution of straim along the beam, as shown in the same
report.22 Otherwise, the comparison of tested and calculated results were

generally good for both load cases considered in the study.

6.4.4 The University of Illinois Tests 30N15 and 60N15--Noncomposite

Simple Span Bridges. Both 30N15 and 60N15 bridge models were one-quarter

scale, noncomposite, skewed angle, single-span structures. They were built



North

———{>

Support Support

______ A A S S S
20%9.5° _:ZZ:‘;}Z' ————— y A —— oI 7

Plan View

Exterior Interior
51_Qn Girder Section 36WF160 30WF1l16
1'-Q" '“w Cover Plate Over Interior Supports
Top 5/16" x 18" x 23.0' 1/2"x 12" x21.0% =T
Jﬁ Bottom 1" x 18" x 23,0' 7/8"'x12"x21.0" ;:,
: ]
l R T ! J _
. — o
7" el ’I
i[ ]i t[ i[ ]j <
D 3 4 5 6 7 sl
6'-4" 6 @ 5.4t = 32'-0Y 6! -4

Bridge Section

Fig. 6.8 Patuxent River Bridge--Three-span continuous composite bridge.

Gl



136

Measured

(H20-S16) Truck

nn ”” Calculated

0 —
—~ r——/
B
& —
= 0.10 F ]
o //
()]
]
o
g I
g 0.20
0
o
A
=

100

\\

Midspan strain at bottom

flanges (10.-6 in./in.)
wn
S

Fig. 6.9 Midspan deflections and strains of girdérs_at section B due
to load case Fl1 (Pataxent River Bridge).



137

< Measured
(H20-516) Truck

nﬂ ﬂﬂ - e e e e+ Calculated

— m—— — —— —-J
0

e

ved

~ 0.10 }

o

O

]

W

o

a

e

% 0.20

o

=]

o

(=9

w

o

ot

= 0.3t

£

S ~100 F e —

° &
o A \\\\

e - -

@ o N
fe N
ot \\
ﬁ 8 50 F g
0

c w

g @

o oD

w o

o o

ood =t

= -

0

Fig. 6.10 Midspan deflections and strains of girders at section F
due to load case Fl1 (Patuxent River Bridge).



Longitudinal deflection (in.)

Longitudinal Strain

-0.10

-0.05

0.05

0.10

6.15

0.20

0.25

-50

(10"6 in./in.)

100

"’Abﬁﬂhh“‘Q\
g s
s N _ 7 O\\
,// South N\ Center North ~,
AY A ,K ol
\ //
\ /
\ /
\ /
\ ’,/
. s
\\ / (e} Measured
\\\\‘/,
— e s e e Calculated
O
"y
—\
o
~° \ / ™~ <

Fig. 6.11 Longitudinal deflection and strain distribution of girder 2 due to load case F1l.

g€l



1 1
o o
o [
Ui (@]

0.05

o

.10

o
[
wn

Longitudinal deflection (in.)

-50

50

Longitudinal strain
(10-6 in./in.)

100

i "
[ /'-—— O\\\
7 o~
South P Central ~a North
i Ma\ ,J& o O — —Q_ _ —o——
i \ //
\
\ y 4
- \_ L
\\ 7/
3 -4 o] Measured
— === == ————= (Calculated
o .
/T~
S——
/ ~
\\K
/ ~
_ n — e
" [ ~= I m— e 7,

-~
~

/
i >

Fig. 6.12 Longitudinal deflection and strain distribution of girder 2 due to load case Bl,

6ET



140

and tested at the University of Illinois Engineering Experiment Stationm.

The plan view of each bridge with typical cross section is shown in Fig. 6.13.
The skew angles of the two bridges were 30 and 60 degrees, respectively. A
typical cross section was composed of five identical steel beams of 15 ft.
span length and spaced at 18 in. on centers. No mechanical shear connectors
were attached on the top flanges of the beams. The cast-in-place mortar

reinforced concrete slab had a uniform thickness of 1.75 in.

The mesh used to simulate the bridges had 16 by 22 increments for
model 30N15 and 16 by 20 increments for model 60N15. The flexural and
torsional stiffnesses of the girders were evaluated using Secs. 6.3.1 and
6.3.2. Similar parameters for the slab were evaluated using Secs. 4.2.1
and 4.2.2. Program SLAB43 was used in the solution for the two load cases

considered for a comparison with the test results.

Figures 6.14 and 6.15 show the analytical solution and the test
results for the deflection across section 0 (see Fig. 6.13) of both bridges.
The comparison is very good for bridge 30N15. For bridge 60N1l5 some devia-
tions resulted in the absolute values, but the shape of the deflection

envelope was very similar.

6.4.5 The University of Illinois Test N30--Noncomposite Continuous

Span Bridge. Bridge N30 was a quarter-scale, two-span continuous, nonskew,
noncomposite bridge. It was built and tested at the University of Illinois
Engineering Experiment Station. The plan view and a cross section of the

bridge are shown in Fig. 6.16. The bridge was composed of five steel beams
spaced at 18 in. on centers and spanning the two continuous spans of 15 ft.
each. No mechanical shear connectors were inserted between the top flanges
and the 1.75 in. cast-in-place mortar reinforced concrete slab. Two load

cases are considered for the comparison of test results with the analytical
solution. All point loads were applied along a section designated as W5 as

shown in the same figure.

SLAB43 was used to obtain the analytical results. The bridge was
simulated with a mesh of 16 by 36 increments. The flexural and torsional
stiffnesses of the girders were evaluated according to Secs. 6.3.1 and 6.3.2.
The same parameters for the slab were evaluated according to Secs. 4.2.1 and

4.2.2. The comparison of test and analytical results is shown for two
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sections. Section W5, where the deflection and strain distributions of
beams were compared, was the section of maximum positive moment in the
beams. The maximum negative moments naturally occur at the interior support
and, hence, the strain distribution in the beams was compared along section
0. The results for both load cases are shown in Figs. 6.17 and 6.18. The
comparison of test results indicated very good agreement with the analytical

solutions.

6.5 The Effect of Composite Action on the
Bridge Performance

Table 6.1 presented a summary of the performance of two nearly
identical composite and noncomposite bridges. The comparison indicates
clearly the favorable effect of the composite action in the performance of
the bridge. The comparisons showed that due to the composite action the
stiffness of the bridge was tripled and, accordingly, the measured live
load deflection of the central beam was only one~third that of the non-
composite bridge. The composite action reduced the average impact to 44 per-

cent of the noncomposite bridge.

Comparison of two nearly identical bridges 815 and N15 also show the
effect of composite action., Both bridges were tested and reported by
Newmarxk, Siess, and Penman.42 The composite bridge S15 was presented in
Sec. 6.4.1. The similar but noncomposite bridge N15 was analyzed using
SLAB36.30 The deflection of the beams due to four point loads applied at
midspan of the bridges is shown in Fig. 6.19. The comparison of the test
and analytical results for both bridges are excellent, indicating the

accuracy of the theoretical predictions and also the effect of composite

action on bridge performance.

The three-span continuous skew and composite bridge presented in
Sec. 6.4.3 was reanalyzed on the assumption that no composite action existed
between the steel girders and the concrete deck. Girder stiffnesses were
evaluated for the noncomposite sections. Analytical results are shown in
Fig. 6.20 together with the previous analysis of the bridge and the test
values for the deflection along section F1 for & curb lane truck load.
The comparison also indicates that the maximum deflection would have been
tripled if it had been built noncompositely and that composite action can be

modeled.
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6.6 Recommendation for Analysis of
Steel Girder Bridges

The general requirements of computer simulation methods discussed in
Sec. 4.5.1 are fully applicable for steel girder bridges. Furthermore, slab
stiffnesses and Poisson's ratio can be evaluated from Sec. 4.5.2. Evalua-
tion of flexural and torsional stiffnesses of girders for either camposite

or noncomposite steel girder bridges can be obtained as follows.

6.6.1 Girder Stiffnesses for a Composite Bridge. The flexural

stiffness of a girder in a composite bridge can be evaluated as an isolated
composite steel and concrete section. The elastic transformed section

method described in Sec. 6.2.1 may be used for such calculations. The
effective width of the concrete slab may be assumed equal to the spacing of
the steel girders. For all but one bridge studied in this chapter this
assumption agreed with the requirements of the standard AASHO specifications{1
A reduced effective gslab width, corresponding to the AASHO specifications,

showed a larger underestimation of the stiffness of the other bridge as

presented in Sec. 6.4.2.

If required, the torsional stiffness of the isolated composite sec-
tion can be obtained directly by using the computer program TORSION. This

program is based on the analytical study presented in Sec. 6.2.2.

6.6.2 Girder Stiffnesses of Noncomposite Bridges. The evaluation

of flexural and torsional stiffnesses of the girders in a noncomposite
bridge represent a fairly simple case. 1In this type of bridge construction
only the elastic properties of the steel sections need be considered. For a
rolled steel section the stiffnesses can be evaluated directly from the
handbooks.A’23 Also, the flexural stiffnesses (EI) of a built-up section
can easily be obtained. As described in Eq. 6.7, the torsional stiffness
(KG) of such sectfons is obtained by calculating the torsional rigidity (K)

for a thin-walled section.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary of the Study

This study investigated the accuracy of treating slab and girder
bridge systems as special cases of orthotropic plates. The general theory
of plates and of the discrete element methods of solution were briefly
presented in order to develop an understanding of the effect of variables.
Computer simulation procedures for physical systems utilizing the SLAB
programs were studied for each type of bridge system. (The previously
developed SLAB program utilizes the discrete element method of solution.)
The bridge types investigated used prestressed concrete, reinforced con-
crete, and both composite and noncomposite steel girders. Evaluation of
solution parameters showed that the flexural stiffness of the girders
dominates the final results. The torsional stiffness of girders was con-
sidered second in importance in the solution, but was found to not be a
primary factor. Methods for evaluating girder flexural and torsional stiff-

ness for each type bridge are discussed in Sec. 7.2.

The computer programs were used to obtain analytical solutions for
comparison with physical measurements from a series of test bridges.
Thirteen bridges were analyzed and comparisons were made with reported
test results. Both simple and continuous span bridges with and without
skew were investigated. The computer simulation methods and the evaluation
of parameters were discussed for each bridge. The comparisons between
measured and computed values in general were excellent, as can be seen from

the data presented in the figures throughout the study.

7.2 Flexural and Torsional Stiffness of Girders

Determination of girder flexural stiffness for each type of bridge

was outlined. For the prestressed concrete and steel girder bridges it was
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found that elaborate methods (such as nonlinear moment curvature relation-
ships) are ordinarily unnecessary, since adequate estimates can be found
from the elastic transformed stiffnesses (EI) of the members. These
simpler estimates are generally adequate in the service load and moderate
overload regions. More accurate moment-curvature relationships should be

used to evaluate the stiffnesses in the ultimate load ranges.

However, the nonlinear behavior of a reinforced concrete girder
starts at a much earlier stage of loading and may often include the service
load region. This behavior is mainly due to the formation of flexural
cracks. 1In most cases the dead load of the bridge when coupled with
shrinkage stresses is enough to produce such cracks in the highly stressed
zones. While and upper and lower limits of the flexural stiffness of a
reinforced concrete member can be adequately defined by calculating the
elastic transformed gross and cracked moments of inertia for the section,
neither value can be considered as an adequate estimate of the stiffness
of the cracked region for service load conditions. A survey of several
computer programs previously written to generate this moment-curvature
relationship showed inconsistency with the behavior of tested members. The
effective moment of inertia of a cracked section, based on the proposed
equation of ACI Committee 435, was used to estimate the flexural stiffness
of reinforced concrete members. This method showed better agreement than
the previous programs when compared to test results. The ACI Committee 435
method was based on an interpolation between the values of the gross and
cracked moment of inertia of the section using an empirical equation for

the effective inertia.

Previous work was extended in this study to take into account the
effect of crack formation on member behavior. A computer program entitled
MPHI was written to generate the theoretical moment curvature relationship
for a reinforced concrete member where cracks are anticipated. This theoreti-
cal prediction was in excellent agreement with test results shown. The
comparisons include both reinforced concrete beams and columns. Values
from this MPHI program were shown to give the best correlation in relation
to test results. The program was used to generate girder flexural stiff-
nesses for the test bridges and a good correlation was obtained in the final

analysis of these bridges. Poor correlation was obtained when values from
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elastic gross or cracked transformed moment of inertia or values from

previous moment-curvature programs were used in the analysis.

The girder torsional stiffness was investigated and a method for
estimating the stiffness of each bridge type was presented. It was shown

that the estimates provided adequate accuracy for analytical purposes.

7.3 Conclusions and Recommendations

Thirteen varied slab and girder bridge types were covered in the
present study. Based on the range of variables represented in this
representative sample of bridges analyzed using the SLAB programs, the

following conclusions can be drawn:

(1) Discrete element computer simulations of slab and girder bridge
systems as orthotropic plates yield accurate results when properly
evaluated parameters are used in the solution. The most important
parameter for such systems was the flexural stiffness of the girders.
The torsional stiffness of the girders was considered as the second

parameter but was found to be far from critical.

(2) The discrete element method was very accurate for bridges with
skew angles up to 45° and only somewhat less accurate at 60°

skew angles.

(3) The mesh size needed to accurately simulate the bridges is a function
of the number of girders, the number of spans, and the skew angle.
Four to seven transverse increments between girders is recommended
for general use. A greater number of increments may be used but a
number less than four should not be considered. In the longitudinal

direction, 16 to 40 increments are suggested for each span.

(4) More accurate results are obtained when applied load points match
the mesh nodes. Loads which fall inside a mesh should be statically

distributed to the four nodes that bound that mesh.
(5) Program SLAB was very accurate for a variety of continuous bridges.

(6) The flexural stiffness of girders is the dominant parameter affecting
the results. The elastic transformed stiffness (EI) can be used

in the service load analysis of bridges with either prestressed
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(7)

(8)

(9)

(10)

concrete or steel girders. The flexural stiffness obtained from the

MPHI computer program should be used for reinforced concrete girders.

In the present usage of the SLAB program for reinforced concrete
bridges, final results need be obtained by an iterative method.

The only variable in each iteration is the flexural stiffness of

the girders. Gross stiffness can be used as the first estimate to
determine approximate moments on each section. Revised stiffness
corresponding to this moment level is determined from the moment-
curvature relationship given by the MPHI program and used in the
following iteration. Stiffnesses are refined in this fashion

until moments converge. Ordinarily only one or two cycles are
needed. Moments must correspond to the total moment on the section.

Obviously, the dead load moment must be incorporated in the analysis.

Ignoring the girder torsional stiffness produced less than 10 per-
cent deviation in the final results. A method was suggested for
each type of bridge to evaluate this parameter with as much
accuracy as warranted in view of the lack of sensitivity of the
solution to this parameter. For the case of composite steel and
concrete sections the computer program TORSION can be used to com-
pute the stiffness. The input of girder torsional stiffness in the
DSLAB program requires the simulation of such stiffness into a
mesh stiffness. Since the mesh is ordinarily chosen so that the
girder axis is on a mesh boundary line, half of the girder stiffness
must be placed in the mesh element on each side of the axis. The
stiffness is input as a stiffness per unit width by dividing by the

width of the mesh.

The average values of Poisson's ratio (v) for concrete may be used
as 0.16, and for steel as 0.30. Ignoring this parameter in the

analysis has an effect of only about 1 percent on the final results.

Slab stiffness represents a very small fraction of longitudinal
bridge stiffness. 1In most cases slab flexural stiffnesses are less
than 1/1000th that of girders. Therefore, the influence of the

variations in slab stiffness on the final results was small. These



(11)

(12)
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stiffnesses can be evaluated using the elastic expressions

presented in Secs. 4.2.1 and 4.2.2,

The effective width of the slab to be considered as acting with
the composite girder for most of the bridges checked in the

study agreed with the requirements of AASHO specifications. For
sections which disagreed with the specification, the best results
were obtained using stiffnesses based on the effective slab width
as equal to the spacing between girders. TFurther experimental
evidence is required to evaluate this parameter for unusual

conditions.

The effect of the interior diaphragms on the final analytical
solutions depends on their type, location, and method of connec-
tion to girders. Discontinuous diaphragms connecting the girders
seem less effective in the distribution of the loads. A larger
number of continuous diaphragms present in a bridge provides a
better chance of having a diaphragm close to the loaded point and
thus provides a greater effectiveness. The ratio of diaphragm
stiffness to slab stiffness is an important factor which determines
the amount of the influence on the solution. A ratio less than
about 30 may be considered to have a negligible effect on the final
analytical results and, therefore, need not be considered in the
simulation process. This reduces the input data and simplifies

the solution.
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FROGRAM MPHI (INPUTsQUTPUT)

THIS PROGRAM GFNERATES THE THEORETICAL MOMENT=CURVATURE REIATINNSHIP
FOR ANY REINFORCED CONCERET SECTTON WHICH CAN nF REPRESENTEN Ky
RECTANGLFSe THF PRNGRAM TAKES INTO AcCOUNT THE EFFFCT OF coarks ON
THE BEKAVIOR OF THE MEwBER,

COMMON /117 CYL9ECsTToRKsEND
COMMON 712/ NUMeYSEG(101) 4ASEG(1N])
COMMON /137 AST(20) 4N (20) 4NS
COMMON /L 4/ FYsEYsRATIO
OTMENSION T(20) oW (20) oSTRNT(100)«STRNOCID0) oNSFGI1NL) ¢SFG(101)
2 TFORT(100) ¢ THOMT (100) sPHT (100) PR (100) 91K (1u),v(21)4RATTAM(100)
200 FORMAT(1H1e/Ze5Xe#ALL UNITS ARE In POUNDS AND TMNAHES#e/)
201 FORMAT(/9s1nXe#SECTIOM PROPERTIFS#9/9 X e #CANCERFT LAVERS#H4/,
2 SXyu#THICKNESS#,11Xea#WInTH#)
202 FORMAT (/95X e#STEFL LAYERS#4/93Xe#AREA® ¢ 3X ¢ #)EPTH)
203 FORMAT(F13,3,F18,3)

205 FORMAT (/,5Xe#aXIAL LNAD =#eFl2,a4/,
2 5x e LOAD CLOSURE =t 9E 1240/
2 S5xe#DEPTH Tn LUAD =teF 1248/,
2 SXy#tNeAs (GROSS SEC,) =z#,E12.497,
2 SX s #CONCERET STRENGTH =#4F124497,
2 S5xs#STRENGTH FACTOR =#oFl2,49/,
2 5Xe#E = CONCERET =#eFl2,40/,
2 SXe#STEFL YTFLD POINT =#4F1Pe49/
2 X9 #GROSS INFRITA =4 FlP.44/,
2 SX g #CRACKING MUOMENT =#,F12,49/,
2 BXes#AS(TENS)/A=GROSS =%4F12.497/)

206 FORMAT (SXea#PNINTH#92Xe# INNFR STRATM#e3IX4#0IITER STRAIN*e3X,
2 #ACTUAL LOAD# o TX9 #MOMENT w9 7X ¢+ CURVATURE# 7X 4 s RIGIDITY#)
207 FORMAT (IRsRE19e4)
208 FORMAT (8F1n.3)
210 FORMAT (l1pAR)
211 FORMAT(//+5Xs10AR)
212 FORMAT(SXe#LnAD NID »~0T CORNVERGE (20 1TRATIONS) FNR POINT#,7710)
214 FORMAT (215,7F10.3)

PRINT 200

100 READ 2106 (IK(I)eT=1s19)
KoP=8H
IF(IK(1)=KkoP) 101,102,101

101 READ 21%, NSBeNSIAKICYLoFYsRK,CLNSURF $FC
Ey=29000000,
ACI=ST7400e#SNRTI(CYL)
IF(ECeLTslNs) EC=ACI
IF(RK. . Te0,01) Rrk=l,n
ENO=Rxk#2 ,0#CYILL/EC
PRINT 2110 (IK(I)e1=1410)
T{1)=0,
N(1)=00
NN=NSH+1]
READ 2n8Bs (T(T)sW(I)eT=29NN)
READ 2n8, (AST(I)sD(I)e [=14NS)
TT:o.q
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ARFEA=zNn, 0
Y{1)=na,0
Aay=0,0
PRINT 201
(0 1 1=2e0N
PRINT 203sT(T)ew(l)
TT=TTeT (1)
ARFA=ApEAsT(T)®WwI(])
YD) =Y (l=l)+(T(D+T{1=1))/2,0
1 AY=AY+ T (T uw (1) #Y (1)
YR=AYZARE A
AS:O.Q
PRINT 202
D0 2 M=1eNS
PRINT 203sAST(N) sD(N)
IF(D(N)oGTLYR)  AS=AS+AST (N
2 CONTIMIJE
MATIO=aS/AREA
ND=0,0
00 3 1=2,nNN
3 UDSNDeW(IIRT (L) RF¥3/ 10+ T{T)RWITIH(YH=Y (]))##)
FR=7 ., 85#SQRTF(CYL)
C=TT~-YR
CRMOM=rR®NN/C
HSEG (1) =0
YSEG(1)=040
ASEG(1)=pen
NUM=1
DO 4 T=2,40N
SEG(I) =(T(1)/TT)*50.
NSEG(T)=SEG(T)
SFG(IY=NSEG(])
NUM=NIM*NSFG (])
N=NUIMaNSEG () +*
DO 4 k=N,NUM
YSEG(K)Y=T(1)/SEG(I)
AQGEG(k)=YSFG LY #w (1)
4 CONTINpE
IF(CLOSURENFe0e0) GO TO 5
CLOSURF=AX/1000.
COMPARE=AREA
IF (COMPARE « GT«CLOSURE) CLASURF=CAMPARE
5 CaLL LOCATE (AXeCLOSURE ¢ ARE A, YH o NEPTHGETMIT)
PRINT 2054y AX,CLOSUREGDEPTHyYR,CY| sPKsECsFY e CRPMOM,RAT I
PRINT 206
STRNI (1) =EINTT
STRNO(1)=£INTIT
RR(1y=n,V
PHI(1y=0,0
TFORT (1) =AX
TMOMT (1) =0,0
EI=FINTT
EO=EINTT
EX =(,N038-EINIT) /50,0
Exs=¢,8EX
DO 10 T1=24+51
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e IT=FETerX
VALUF =F XS
DELTA=F XS
1N B TTRATE=1,20
E0=F0-NEL TA
CALIL CONCIFEIsEOQs TFORC, TMAME)
CALL STEEL(ELYFOs IFORS s THOMS)
TFORT(T)=TFOeC+TFOKS
IMOMT (T} =TMOMC+TMOMS+TFURT (1) #NEPTH
TEST=TFORT (I)=AX
IF (ABSF(TEST)=CLOSUKRE) la,l4a,16
16 LF(TEST.GT.CLOSURE +AND. VALUF ,Fn.FAS) GO Tu R
VALUE=VALUF /2.0
DELTA=VALUF
IF{TESTeLT.CLOSURE) NELTA==-VALUF
B CONTINIE
FRINT 212,
14 STRNI(T)=ET
STRNO (1) =E0
PHI(I)= (g I=-EM/TT
KR{I)=TMOMT{T)/PHI(])
IF(FLI,AT.0,un38 ,0KRe EOaLT, =.010) GN TO 30
10 CONTIMUE
30 DO 32 J=1e1
32 PRINT20T 4 Uy STRNI(J} 9STRNO () ¢ TFORT (J) » TMOMT () apHT (J) sRR (.1}

0 To 100
102 CONTINUE
END

c
SUBRCGHTINE LNCATF (LA yCLUSURF sAREAYBeDEPTHZEINTT)
C LNCATION nF ThE DEPTH 10 THE AXIAL LOAD T GIVE UNTFORM STRaTam nan SE ! I0N
COMMON /1L1/ CYL9ECs TToRK9END
COMMON 7137 AST(20)9n{20) 4NS
COMMON /L4, FYLEY,RATIO
2 FORMAT(SXe#DEPTH TU LOAL nIp NOT CONVERGE FOR 24 ITRARTONSH)
IF(AX) 441545
4 LE==,0n01
450 70 A
5 EESENN
6 DELTA=ABSF (EF)
no 12 1=1,2n
CALL FC(EEsSC)
CALL FS(EE»SS)
ALOAD=gCeAREA
YLOAD=ALQAN®YYH
0 8 K=1sNS
ALOAD=ALOAD+AST (k) # (SS=5()
8 YLOAD=YLOAD+AST(K}#D(K)*(§S=5C)
TEST=AL0AD-AY ‘
IF(ABSF(TEST)=CLNSURE)Y 14416410
10 DELTA=NELTA/240
EE=FE+NELTA
IF{ALNAD,GT.4X) EE=FE=2,0#DE) TA
12 CONTINUE
PRINT »
14 EINIT=FE
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DEPTR=YLNAN/ALOAD
GO0 TO 16
15 UEPTH=nae(
EINIT=0
le RETUR®M
END
SUBROVITINE CONCI(EIsEDsTFORC Y TMOMe)
C FOR GIVEM STRAINM GRADIEMT UN A CONCFRET SECTION THF SURROUTTNE  CALCULAS
C TOTAL FNneCE AND MOMENT ON THE SECTTON
COMMON /L 1/ CYLsFCorTToRReEND
COMMON /.27 MUMeYSEG(101) yASEG(10])
UOIMENSTON  Sc(101)eYY(101)
YT=0,n
CALL Fr(EI,STRESS)
SC(1)=STRESS
TFORCzn, g
TMOMC=nen
PO 10 r=2yNUM
YT=YT+YSEG(I)
YY(I)=vYT=YSEG(1) /2.0
EX=FEl+ (En=FI)#YT/TT
CALL FC(EX4STRESS)
SC(I)=STRESS
P=(SC(T)+SC(T=1))#ASEG(1) /2,0
TFORC=TFORC+P
TMOMC=TMOMr=pR*YY ([) =(SCII)=gC(1=1) ) ¥ASEG(T) ¥YSFRr(1) /1240
10 CoNTINE
RETURM
END
c
SUBROUTINE STEEL(EI'EOsTFORSY TMOMS)
C CALCULATTINN OF TOTAL AXIAL LOAD aND MOMENT CARRIFN RY STEFL LaYFRS
C FOR A GIVFN STRaAIN GRADIENT ON THF SECTTON
COMMON 711/ CYL9ECOTTeRKIEND
COMMON /137 AST(20)9D(20) NS
COMMOM /14, FYLEY,RATIO
TFORS=ne(
TMOMS=0, 0
0o 10 r=1,4nN8
ESsEI+(EQ=F)#D(T)/TY
CALL FS(ES.SS)
CALL FC(ES,.SC)
58=85-5C
TFORS=TFORS+SS*AST ()
TMOMS=TMOMS=SS#AST ()Y #D(])
10 CONTINYE
RETURN
END

SUBRQUTINE FC(EP4STRESS)
COMMON /L1/ CYL'ECYTToRKIEND
C CONCRETF STRESS USING HOGNESTAD STRESS BLOCK
EUu=0.n038
ENOT=,0001
IF (kp)y 29744
2 x=ABSF (EP/ENOT)
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FT=8,naSOKTF (CYL)

S5CE=FT/X

JFiXel.Telen) SC=EPHEC~(FT<ENOTHEr) #X842
30 TO

SC=0,4n

50 TO
SC=RK#AY|L# (2, %EP/END=(EF/END) #42)
[F(EPLGTLEND) SC=RK¥CYLH# (1 ,=43 122 (FP=FNO))/ (FU=FnN)Y)
STRESS=5¢

<ETURN

END

SUBROQUTINE FS(EP8S)

C CALCULATINN OF STEEL STRESS FOR A GTIVFN STRAIN

10

COMMON /L 4/ FYSsEYWRATIO
IF(EPLLT,=n,0001M) G0 TO 8
SS=FyYafFP

IF(SS.nT.FY] SS=FY

50 70 10

X=ARSF(EP/,.0001)
ADD=57.0/RaT10
IF(RATIO.LT.0.,005) AND=11400.4 (AND=11400,)#(ATTIN/.,N05)
SS=EP#EY=AND# (1e0=10e/X)
IF(SS. T =FY) SSz=fY
KETURN

END
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Input Data Guide for Program MPHI

Identification Card (one alphanumeric card each problem)

Title and description of the problem

1 80
Table 1: One card
NSG NS AX CYL FY RK CLOSURE E¢
1 5 10 20 30 40 50 60
Table 2: Concrete layers; 4 layers each card (cards as required)
Tl Wl T2 WZ -——— -
1 10 20 30 40 50 60 70 80
Table 3: Steel layers = 4 layers each card (cards as required)
As1 ! As2 Do --- --- 2
1 10 20 30 40 50 60 70 80
Notations (all units are in inches and pounds)
NSG = No, of concrete layers in the section T = Thickness of concrete layer
NS = No, of steel layers in the section the first thickness for the
AX = Axial load (negative if it is tension) layer on the compression face
CYL = Compressive strength of concrete W = Width of concrete layer
Fy = Yield strength of steel A, = Steel area of the layer
RK = Reduction factor [f7 = (RK) f(] D = Depth from steel centroid to the
if not input RK = 1,0 will be considered compression face of the section
CLOSURE = Closure range of calculated and applied E. = Elasticity of concrete, If not
ge ot ¢ u PP input the ACI 318-63 value will

axial load,if not input the value will
be the smallest of either 1/1000 of
applied load if any or a load which
produces a uniform stress of 1 psi
over the entire section,

be taken.

TL1
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PRNGRAM TOURSION(INPUT,QUTPUT)
THIS PROGRAM COMPUTES THE ANGLE OF TWIST AND THE TORSIONAL
RIGINDITY FOR A COPMPOSITE STEEL BtaMm AND CONCRETE sLAB ALONG THE
BEAM, Il SOLVES FOR THREE END CUNDITIUNS SIMPLF, CANTILEVERs AND
FIXED ENnUS

DIMENSION K(10)
10 FORMAT (104A8)
11 FORMAT (/+5x,1048)
12 FORMAT (7E10,3)
13 FORMAT (1H1,/95Xe#ALL UNITS ARE IN INCHESs POUNDSsAND RADTANS#®#//)
14 FORMAT (/95X #*SECTION PHOPERTIES®s/s5Xe#STEE] SECTION®9/910Xy
2 #DEPTH =#,F19,39/910Xs#FLANGE WIDTH =#,E12.3,/910Xs
3 #FLANGE THICK =%,F12e39/910Xs®*WEH THICK S#4,E12e39/95X,
G#CONCRETE SECTION#4/910Xs#WIDTH a4E19e34/910X#THICKNESS =#F1443)
15 FORMAT(SX+#MATERIALS PROPERTIES®s/910XsE-STEEL S#9E14439/010Xs
2 HYPOISSONS RATIO=#EL1le39/910XsHE-CONCRETE 294£14,30/910Xy
3 #POISSONS RATIO=w#4sELl,39/95Xs%#SPAN LENGTH z#3E14034/7)
16 FORMAT(SX+#STATION®94Xy#DISTANCE®,8X9#CASE 2 (CANTILEVER REAM)*®
296X #CASE 3 (FIXED ENDS BEAM)#9/932Xe#TWIST ANGLE®#+5Xe#RIGIDITY®
3 4BXe#TWIST ANGLE®eSX4#RIGIDITY#)
17 FORMAT(I10,E14,3,£19,2,5€15,5)
18 FORMAT (/95X,#CASE 1 (FREE ENDS BEAM)*®9/,4TWIST ANGEL (RAD/IN/ L
2BeIN ) =#E£15,59 /45X #RIGIDITY (LB=SQ.IN) 2#E15,5,/)
100 READ 109 (K(I)eI=1410)
NONE =8H
IF(K(I)=NONE) lolll9l
1 READ 129DEPTHyBSeFsWsBCoTCoSPAN
READ 12,4ES,PS4EL,pC
PRINT 13
PRINT 11*{(k(I)elI=]v10)
PRINT 14 sDEPTHIRSsF oW e3CeTC
PRINT 15,ES,PSyEC,PC,SPAN
HEDEPTH=2 o #F
YSRCH#TCHECH (H*C o PF ¢ eS%TC) +ASHFYESH (He2 . #F ) ¢ HOWHEGH ( ,SoH+F)
YBAR=Y/ (BCHTCHEC+2,#HSHFHES+ MU WHES)
AzyBAR=.H#f
BeHe ,S5#TCe2 ,#F=YBAR
C=-..5*F
BS3=Hg##3
BC3=RCH##3
YP22+#ES#F#BSI# (A=B+C) ~ECHTCH (2o #RCINB+BSIWC=3,#BCHBCHBSHC)
YPBARZ ¢ S#YP/ (2o #ESHF#BSI+ECHTCHBCI)
D=A~YPBAR
F3zp#ul
W3igwend
TC3=TC##3
GS=ES/ (2,42 ,4PS)
GC=EC/ (2,42 ,4PC)
GKT= (2., #GS#BSH#F 3+GS*HeW3+GCHBCHTC3) /3,0
ABCD=A+BuwC«D
BS=BS§C‘EC*§A¢B-D) A
EIW=ES#F#BS3#U*D+ECHTC#BSI*ABCUPABCD*ES*F*8S3#aARCD*ABCD
2 +ECH*TC#(BC~-BS) # (BB#BA+8B#BS*ABCD+ (BS*ARCD) ##D)



Elw=E1w/l2,
R=SORT (GKT/EIW)
XL =R¥SPAN
El=gxp (XL)
E2=1.0/E1
EL=Elage
EE=ElsEl
ES:I.D‘EE
FYl=l, 0/GKT
RlzGKT
PRINT 1BsFY1lsR1
PRINT 16
DO 3 K=ls:21
AKzKw]
EAK® o USHSPAN
Xz7 4R
E21=EXP (X)
£22=1,0/g21
FY22(1e0=EZ1=EE+EEH#EZ2+R*E3®7)/ (R¥GKTHED)
R2= (GKT®*E3) /(E3=EZ1=EE®EZ2)
FY32(2e0=Elaf2*ECHEZ1=FZ1+E1#EZ2=EZ2+R¥ZSEL) / (R*GKTHEL)
R3=(GKT®EL)/ (E2REZ1~EZ1=E1NEZ24EZ2+E )
Nakel
3 PRINT 17oNsZsFY2sR29FY3,R3

GO TO 109

111 CONTINUE
ENP



Input Data Guide for Program TORSION

Identification Card (one alphanumeric card each problem)

Title and description of the problem

1

Table 1: One card (dimensions)

80

D B F W BC SPAN
1 10 20 30 40 50 60 70
Table 2: One card (material properties)
Eg Vs Ec Ve
1 10 20 30 40
Notations (all units are in inches and kips)
B Es = Steel modulus of elasticity
c
i v, = Poisson's ratio of steel
| Tc EC = Concrete modulus of elasticity
I
_ vc = Poisson's ratio of concrete
— e W
D SPAN = Span length of the composite beam
F
—

GLT
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