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ABSTRACT

The report presents the application of an inelastic over-
load analysis to twé steel multigirder highway bridges using the
finite element method. The previously developed computer program
BOVAS (Bridge OVerload Analysis-Steel) was modified from a research
to a production oriénted tool in phase one of the reported research
by simplifying the input-output options. This resulted in two ver-
sions of program BOVAS, "detailed" (the original program) and "short"

(the new simplified version ).

In phase two of the reported research the reliability
of the detailed version of program BOVAS was verified by compari-
sons with available analytical results and laboratory and field

overload test results.

A brief description of the analytical method employed

and the assumptions made have also been included in the report.



1. TINTRODUCTION

1.1 Introduction A

This repgftpresents the'appliéation of an inelastic over-
load analysis to steel multi-girder highway bridges by using the
finite element method. Hall and Kostem developed and verified a
mathematical model which predicts the overload response resulting
from the placement of overweight vehicles on simple span or con-
tinuous multi-girder highway bridge superstructures with steel
I-section girders and a reinforced concrete deck (Refs. 10, 11; and
12). A computer program with the acronym of 30VAS (Bridge Overload
Analysis - Steel) was developed .in order ﬁo solve the mathematical
model. This thesis extends the earlier research into a prodﬁction
tool by modifying the program and verifying the new version of

the program.

The technique, developed by earlier research, is a computer
based analysis scheme employing the'finife element method for the
analytical modeling of the superstructure. The bridge superstructure
is divided into a series of plate and beam finite elements (Fig. 1)
which are interconnected at discrete node points (Fig. 2). These
finite elements are then further subdivided. into layers in order to
facilitate the inclusion of material noniinearitiesvin‘the analysis

(Fig. 3). While the finite element idealization was developed and



successfully applied for previous research of reinforced and
prestressed beam bridges (Refs. 23, 24, 31, 33, 34, 39, and 40), it
has also been successfully applied in the simulation of the sfructural

response phenomena of steel girder bridges (Refs. 10, 11, and 12).

Inclusion of material nonlinearities necessitates adoption
of a particular solution scheme other fhan that used for linearly
elastic problems. Thus the previously developed solution scheme
uses a tangent stiffness, or piecewise linear solution process, .to
simulate the expected inelastic structural response. In this
process the loads are applied in a series of load increments or
load steps in order to allow for changes in the overall structural
stiffness due to nonlinear response. Within eachlof these load
increments iterations may take place so as to ensure convergence of
the solution. This tangent stiffness solution process provides a
continuous description of the structural response from initial load
levels in the elastic range up to the collapse or termination load

levels.

The reliability of this technique has been demonstrated
for bothrreinforced and prestressed concrete beam bridges and for
steel girder bridges. This thesis, using the modified program,
illustrates the reliability of the new model witﬁ a few comparisons
between experimental and analytical results. Satisfactory agreement
was obtained for all test cases. Thus, the modified version of the

program has been verified.



1.2 Problem Statement

The overloading of steel girder-reinforced concrete slab
highway bridges, hereafter referred to as steel bridges, has become

a relatively common occurrence due basically to three factors:

(1) increases in the allowable vehicular weight
limitations,
. (2) transportation of heavy industrial, military, and
construction equipment, and
(3) the issuing of overload permits for specialized
overweight and oversized vehicles.
Because of this increased frequency of structural overloads, the
‘bridge engineer has an urgent responsibility to accurately assess
the reserve capacity and serviceability limits of any bridge super-

structure on which overload vehicles are. expected to traverse.

Since an accurate overload analysis requires knowledge of
the actual distribution of forces and stresses in the component
membe£s, the commonly used reverse design method of analysis is
inadequate because the loads are distributed to the girder and slab
according to assumed distribution factors. This distribution factor
approach cannot be used in the overload analysis for several
reasons. First, while the distribution factors are known for the
elastic region and at the ultimate limit when all lanes have a
uniformly distributed loading, the distribution factors are not

known for the transition region between these two bounds where the

forces are redistributed as the stiffness of the structure decreases
~4—




as damages initiate and progress through the structure. Secondly,
the distribution factors have been developed for AASHTO design
vehicles and loadings. However, many overload vehicles cannot be
considered as AASHTO design vehicles because of unusual axle
loadings and spacings. Therefore;'some other method besides the

distribution factor approach must be used for overload analyses.

Hall and Kostem (Refs. 10, 11, and 12) have developed an
acceptable overload analysis for steel bridges. Their method
accurately predicts the response of the structure for the expected
types of overload vehicles. Furthefmore, if during an overload
the slab cracks or the girder yields or buckles, their method can

predict the following:

(1) the location of any damage to the structure,
(2) the strength of the component after damage, and
(3) the manner in which the forces and stresses will
redistribute themselves due to the damage from the
elastic region through the ultimate limit.
Such an analysis scheme can permit through the application of khown
serviceability limits the defining of permissible overloads. For
example, if one assumes that 75% of the yield stress is the maximum
allowable stress (i.e. serviceability limit) for a given bridge and
overload configuration, a computer analysis can be performed. Thus
the permissible overload will be the load level which induces
stresses of this intensity: This point is illustrated further in
Sections 4.2.3 and 4.3.2 of this thesis.

=5~



1.3 Purpose and Scope of the Research

The purpose of this research is to transform the computer
program developed by Hall and Kostem (Refs. 10, 11, and 12) into a
production tool for practical application. Two phases of research -

are required in order to.achieve this goal. The two phases are:

(1) the expansion, modification, and simplification
of the combuter program which is capable of
analyzing the overload response of steel bridges
(Refs. 15 an& 16), and

(2) the ver%fication of-the‘modified-program by the

testing of the program.

This report includes,the'folléwing material:

1. A brief description of the analytical techniques
and assumptions employed to.model the structure
(see Chapter 2).

2. A aescription of the analytical modeling scheme
employed (Chapter'Z);

3. A brief description of the modifications to the’
program -accomplished in phase one of this research
(Chapter 2).

4. A description of the bridges considered in the
verification of the'tomﬁuter'program (Chapter'3);

5. Verification of the program through comparisons

with actual test results (Chapter 4).

—6-



6. Conclusions and other considerations which resulted

from the verification of the computer ptrogram

(Chapter 5).

1.4 Previous Research

The objective of this research is. the determinafion of the
overload response of simple span or continuous steel multi-girder
highway bridge superstructures. Therefore; only those works which
are reported upon in the'literafure and which are applicable to the
present problem will be reviewed: It should bé noted that all of
this research refers to girders of solid cross—-sections and should

not be applied to box girders.

Beam-slab highway bridge superétrﬁctﬁres can be divided
into two categories: - thoSe*with'réinforced or prestressed concrete
beams (concrete bridges) and those with steel girders (steel bridges).
While many similarities eﬁist when comparing the response character-
istics of these two types of bridges, concrete bridges and steel
bridges also have many response.characteristics“whiéh are applicable
only to one or the other. For example, a concrete bridge will
normally fail due to excessive cracking of the concrete beams, while
a steel bridge can fail because of extensive yielding of the girder
or because of the buckling of webs or flanges. Thus, those respounse
characteristics which are evident in steel bridges may not occur in.

concrete bridges and vice versa.



The first developmental work concerning the analysis of

structures with concrete decks and steel girders was presented by
Newmark in two papers (Refs. 29 and 36). The first of these papers
did not consider the composite action of the beam and sléb. The
second paper overcame this deficiency and presented a derivation

for the differential equation describing the axial forces of the
component parts in the elastic region; However, this equation was
applicable only to isolated T-beams and not to multi-girder systems.
Others have ekpanded up&n the theory formulated by Newmark to account
for non-uniform connector spacing; initial spacing, initial strains,
and nonlinear material properties using an iterative solution

procedure.

Proctor, Baldwin, Henry, and Sweeney at the University of
Missouri (Ref, 4) and Yam and Chapmén-at Imperial College (Ref. 43)
treat the boundary value problem as an initial value problem and
solve the equations by successive appro*imation; and Dia, Thiruven-
gadam and Siess at the University of Illinois (Ref. 8), Wu at Lehigh
University (Ref.. 42) and Fu at the University of Maryland (Ref. 9)
use finite differences in conjunction with Newmark's work. Noné
of these methods, however; considers fully the problem of shear lag,
shear deformation of the girder, slip between the slab and the
girder, and continuous structures; whereas; Tumminelli and Kostem
(Ref. 37) employed a finite element method to include the above
deficiency into a linear elastic solution process with no inelastic

capabilities.



Research by Wegmuller énd Kostem (Refs. 39 and 40) led to
the development of an analysis technique and computer program to
predict the elastic-plastic structural response of eccentrically
stiffened plate systems. This technique, which employed the finite
element method, used the ACM (Ref. 1) rectangular plate element
modified for in-plane displacement by Clough (Ref. 7). The elements
were layered to monitor the spread of damage throughout the structure.
In addition, the material wés assumed to follow the von Mises yield
condition. Based on this work Kulicki and Kostem (Refs. 22 and 24)
extended the model aﬁd technique to inéorporate eccentrically placed
reinforced concrete or prestréséed éoncrete beams: In this analysis
the response characteristics of the'concrete beams were realistically
modeled, including the cracking and crushing of conecrete and
yielding of steel. Subsequently, Peterson and Kostem (Refs. 31, 33,
and 34) further extended the analysis technique to accurately
simiulate the biéxial behavior of reinforced éoncrete slabs, and thus
in the end, to reliably predict ﬁhe overload response of concrete
highway bridge superstructures. However, this still left the

problem of the overload analysis of steel bridges to be solved.

The above research efforts have demonstrated that the finite
element method of analysis provided an efficient tool that can be
used to perform an inelastic analysis of éccentrically stiffened
slab systems. The complekities.in material behavior and losses in
stiffness due to yielding; cracking; crushing; or local instability

can be directly incorporated into the analysis scheme., Thus, by

-9-



integrating the works by Tumminelli and Kostem and Peterson and ...
Kostem, and including the effects of strain hardening, flange -
buckling, and web buckling into a concise finite element computer
program, a realistic model for predicting the overload response of
continuous steel multi-girder highway.bridges was developed by Hall

and Kostem (Refs. 10, 11, and 12).

~10-



2. 'ANALYTICAL MODEL

2.1 Introduction

The analytical model should adequately reflect the
structural characteristiés of the actual structure. To reliably
describe the inelastic response of beam-slab highway bridge
superstructures with steel girders and a'rginforced concrete deck

slab, the following phenomena must be considered:

(1) The out—of—planevor flekural behavior of the
.struéture;-

(2) The in-plane response of the girders and slab
-due to eccentricity of the girders.

(3) The coupling action of the in-plane and out-of-
plane responses;

(4) Material nonlinearities:

(5) The possibility of slip between the girders
and the slab (i.e. amount of composite action).

(6) Shear deformation of the'girders:

(7) Local instability of the girder and/or girder
flanges or webs, and any associated post-

buckling behavior.

-11-



When bridge superstructures are subjected to vehicular
loads, both out-of-plane. responses due to the longitudinal and
transverse bending moments and in-plane responses resulting from
the axial forces occur in the slab. At the same time, longitudinal
bending moments and axial forces are predominant in the girders.
These axial forces develop in the slab and girders because of the
eccentricity of the reference plane of the girders relative to the
reference plane (midheight) of the'sléb: Thus, the application of
out—-of-plane loads to the bridge superstructure produces both
in-plane and out-of-plane responses in the slab and girders.

This interdependency betweén in-plane and out-of-plane actions is
commonly referred to as coupling action. While coupling action
has little effect on . .the structural response in the elastic regionm,
it does have a significant effect on the inelastic or nonlinear

structural response as explained in detail in Ref. 34,

Since the response due to overloading is expected to
eventually cause nonlinear stress-strain behavior; the appropriate
stress—strain relationships of the compopent materials must be
included. Thus, the present analysis scheme as developed by Hall
and Kostem (Refs. 10, 11, and 12) utilizes the biaxial stress-strain
relationships developed in Refs. 25, 26; 27, 28, 31, and 34 to
describe the inelastic behavior of concrete slabs, and in addition,
utilizes the uniaxial stress-strain relations developed in Refs.

10, 11, 19, 22, 23, and 35 to describe the inelastic response of

steel.

-12-



To account for the variation of material properties through
the depth of the slab and the girders; the finite elements are sub-
divided into a series of layers (Fig. 3). Each layer is assumed to
have its own distinct material properties and is also assumed to be
either in a staﬁe of‘uniaﬁial or bia#ial’stress.f Thﬁs, the pro—-
gression of nonlinear material behavior ﬁhrouéh the structure can be
monitored by defining the stress—étrain relationship on a layer by
layer basis. Through the utilization of the layering technique,
good agreement has been obtained betweén analytical and test results

(Refs. 5, 13, 14, 22, 24, 32, 38, and 41).

Typical analytical models for composite structures assume
that no slip occurs between'fhe'slab and the girders. However, if
sufficient linkage does not e%ist beﬁWeéh the slab and the girders,
then slip will occur and the'pértenfage of load shared by the slab
and the girder will change. The analytical model should be able to
account for the possibility of slip. In addition to slippage, the
model should be able to adequately reflect the effects of shear
deformation since girders and particularly plate girders with thin
webs will deflect considerably more than standard beam theory would
predict., Finally, because beams and plate girders'aré of thin walled
open cross-sections, they are susceptible to local buckling phenomena
prior to attaining makimum stress conditions: Thus, the analytical

technique should be capable of predicting the occurrence of local

buckling'and'any post-buckling strength of such sections.

=13~



The preceding paragraphs have presented.the major
structural phenomena that have a significant effect on the behavior
of steel bridge superstructures. The underlying premise of the
entire nonlinear analysis is that the primary response of the
structure is flexural in nature with the in-plane and coupling
actions and. that the‘ultimate‘collapée of the bridge superstructure

is a result of flexural failure or local instability (i.e. buckling).

Structural phenomena considered to be of secondary importance
and excluded from the analysis technique are minor axis bending of
the girders, shear punch failure of the slab, torsional stiffmness of

the girders, and superelevation-

2.2 Model Assumptions

Only the assumptions pertinent to the specific features of
the analysis are presented in this the§is. A detailed treatment of
the finite element method as applied to this researqh'is presented
in a number of other related reports (Refs. 10, 12, 22, 24, 31, 33,

and 37).

The following assumptions are made with regards to the
development of the analytical model. The analytical model and
associated computer program is capable of analyzing steel bridges

having the following characteristics:

(1) The bridge can be of simple span or continuous

construction.

“14~



(2)

(3)

(4)

(5)

(6)

)

®

While full composite interaction. between the deck
slab and the girders is usually assumed, non-
composite. or partial composite interaction can also
be assumed. However, the reliability of the results
is not guaranteed, if the user assumes slip exists
between the girders and the slab.

The bridge deck must be a monolithic reinforced
concrete slab.

Steel beams or girders of varying or constant
cross-section may be considered:

Girder spacing(s) must be constant for a given
bridge;

While the diaphragms and cross-bracing contribute
to the structural stiffnesé of the superstructure,
their contribution to the stiffness can be
neglected for the type of loadings considered.

It is assumed that the effects of the vertical

and longitudinal stiffeners are local and therefore
they can be neglected in the overall structural
behavior. HoweVer; the effects of the vertical
stiffeners are included in the shear panel'buckling
analysis.

It is assumed that the bridge girders may deform

in shear and major axis bending.

15—



(9

(10)

(11)

(12)

(13)

(14)

The stresses in the slab are due to the biaxial
bending of the slab and the axial forces that may
develop in the deck slab in the longitudinal

and transversal directioms.

The bridge superstructures to be analyzed are
limited essentially to righf bridges (i.e.a skew
angle of 909). HoweVer; previous research

(Refs. 21 and 34) has indicated that bridges with
moderate skews down to 60° can be analyzed

with little loss in accuracy;

Plane sections remain plane before and after
deformation of the slab and girder except that a
Timoshenko approach has been used to include
shearing deformation in the'girder;

Because the deformations are assumed small in
comparison to the dimensions of the slab and
girder; the mddel'assumes’that the girders and
slab do not change thiékness:' It should be noted
tﬁat previous experience with bridge overloading

(Ref. 33) supports this assumption.

Small strains are assumed. Thus, first order linear

strain—displacement'rélationships can be employed.
(Ref. 33).

The plate and beam finiﬁe elements are layered,
each layer having its own'sfiffness properties,

16—



(15)

(16)

(17)

80 as to accurately model material nonlinearities
and progressive material failure.

When the average stress of all the compression
flange layers of any beam element exceeds the
critical buckling stress, the compression flange
is assumed to buckle: In order to model the post-
buckling strength; layers which ekceed the
critical buckling stresé are aséigned low stiffness
values; Similarly; when the average stress state
of the web plate panel reaches the critical stress
(buckling stresé) all §f the web layers of the'
entire web plate panél are assigned lower
stiffness values:

An impact factor is applied by the model to the
actual "vehicle" loading. The impact factor for
simple spans is calculated in accordance with

Ref. 3, while the impact factor for continuous

structures uses the same formula except that the

length is assumed to be an average span length.

Other less important assumptions can be found in

other related reports (Refs. 10, 11, 12, and 15).

17—



2.3 Solﬁtion Scheme

The developed solution scheme solves the overload problem
in a logical sequence of operations; The solution process consists
of four main phases:i

(1) Problem Definition
»(2) Dead Load Solution
(3) Scaling Procedure

(4) Overload Solution Procedure

A simplified logical flow chart of the sequence of operations for
program BOVAS is shown in Fig. 4. More detailed descriptions of

the four main phases are presented in the following sections.

2.3.1 Problem Definition

This phase defines the particular problem that will be
solved. To define the problem; twd'groupé of information are
required to be input into the'program: They are:

(1) Bridge Descriptiﬁn

(2) Bridge Loadings
The amount of information required to define the bridge is structure
dependent. References 15 and 16 explains in detail the specific

information required as input in order for the program to solve the

given problem.

In order to fully describe the bridge superstructure the
following information must be provided:
(1) Bridge superstructure geometry

s, =18-



(2)

(3)
(4)

(5)
(6)

Finite element discretization and type

of symmetry

Slab description and material properties
Girder description and material properties by
layers

Location of any web plate panels

Location and type of any fatigue details

The bridge loadings are composed of three parts:

(1)

(2)

(3)

Dead loads acting on.the‘girders ~ the dead

weight of the "wet" concrete deck, steel girders,

-and any steel coverplates.

Dead loads acting on the composife:superstructure.
- the dead weight of any curbs, parapets, and
future wearing surface

Live load or overload "vehicle" - the truck,
dolly; and/or- lane loading to be investigated

by the program,

In order to define the loading, the magnitude or intensity of the

loads and the position.of 'all loads must be provided. The live load

is typically positioned such that a worst case analysis results.

All loads should be defined as static loads, but the program will

amplify the live load by an impact factor as described in Section

2 .2 of Chapter 2.

-19-



2.3.2 Dead Load Solution

Since the analytical modeling scheme presented in the report
considers material nonlinearities, which are stress dependent, an
accurate assessment of the stress state prior to the application of -
the overload is required. Because of the possible nonlinear behavior
of the structure, the principle of superposition cannot be employed.
Therefore, prior to the application of the overload the superstructure
must be analyzed to obtain the stresses .in the slab and girders duev
to the two components of the dead load discussed in Section 2.3.1.

The initial stress state and aﬁ& maﬁe;ial'failures or nonlinearities
due to the applicatioﬁ of fhése déad loads Qill ﬁhus be reflected

prior to the application of the overload.

2.3.3 Scaling Procedure

As long as the initial solutioﬁ due to the overload
produces a linearly elastic response;”the'load is increased propor-
tionally to the lowest load 1evel‘corre§ponding'to one of the
following element stress limitafiéﬁs:

(1) 60% of the'COmpressivé strength of concrete,’
(2) 90% of the tensile strength of concrete,
(3) 97:5% of the yield strenéth of the steel, or

(4) 100% of the buckling stress.

Because this technique scales up the initial load level,
only one elastic solution is obtained. Thus, the number of elastic
solutions are kept to a minimum. All subsequent solutions will

-exhibit nonlinear response.

—-20-~



However, if the initial solution causes any material or
stability failure, the initial live load is scaled down in érder
that a linear elastic solution can be obtained. Then the scaled
down load is incremented until nonlinear response occurs. Once

nonlinear response begins, the overload solution is employed.

2.3.4 Overload Solution -

The overload solutioﬁ is solvequsiﬁg a tangent stiffness
approach (a piecewise 1iﬁeariza£ién.of-the nonlinear phenomena).
In such an approach the'syétém'of éqﬁétiéné is assumed to be linear
in a given load increméﬁt. By éompufing ghe'taﬁgentito the stress-
strain curve for each layer baéed'upoﬁ the current stress state,
the layer stiffnesses; elémentfsfiffnesé, and ultimately the global
stiffness matrix is calculated:' After’éalculating the nodal point
displacements and'element'layerﬂsérains fér fheiloadlincrement, the
corresponding element layer stresses.afé Ob£ained.by the program
for the load increment by employing the'maﬁerial stress—-strain
relationships. These incremental stress values'are added to the
total stress state which é#isfed prior to the application of the load
increment, thus arriving at a new current stress state:: The
process is repeated (iterated) wiﬁh'ﬁhe new current stress state
until the solution for the increment converges; If a layer failé

during the application of the load increment, the load increment is

scaled down so that the layer stress causes incipient failure.
Thus, in this method which is called the 'incremental-iterative'

method, the stiffness matrices are continually updated within each

-21-~



load increment or step. It should be noted that the initial
solution of each load cycle is based upon zero stress and displace--
ment increment values; thus, the first iteration of each load step
is based upon the stiffness matrix of the previous load cycle.

The overload analysis process terminates when one of the specified

termination checks is exceeded.

Allowable limits on deflections; live loads; stresses;
strains; number of cracked, crushea, or yielded layers; and crack
widths can be specified for the deck slab and/or girders to define
the serviceability limits of the bridge superstructure (Refs. 15
and 16); These checks are used to terminate the overload solution
procedure if any one of the specific serviceability limits is

exceeded.

2.4 Modifications to the Original Program

The computer program developed by Hall and Kostem was
extensively_modified‘in,phaSe one of this research work. Two
separate programs evolved from the original program. The first
version, hereafter referred to as:the detailed version, was .
developed during the thesis work and is verified by this ,
thesis.. The second version, hereafter referred to as the

simplified version, was also developed during this thesis, but

this version has not been verified.
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The major emphasis in the development of the two prograﬁs
was placed on the reduction of the input to the original program.
Many former input values are now internally defined within the
program or interhall§~§alculated during the e%ecution of the program,
The user no longer has to input the discretization, the boundary
conditions, the slab layering, or as many material properties in the
detailed version. 'Furthermore,"in the simplified version the
girder layering and dead loads are also internally calculated.
Approkimately eighty input variables were removed from the
origihal version of the program in the development of the detailed
version. The simplified version was developed by removing approxi-
mately twenty-five additional input variables from the original
program. Many of these variables were érrays which were read several

times within one analysis.

To illustrate the reduction of input to the program, .a
comparison between the original, detailed; and simplified versions
is made for thevtwo test bridges presented in Chapter 3. For the
first example bridge presented in Chapter 3, the original program
required approximately 120 cards with nearly 400 inputventries.
The detailed version reduced the input to 53 cards with approximately
150 input entries, while the simplified version only requires about
15 cards with approximately 30 input entries; A substantial
reduction in input.is also evident for the second example bridge
(see Chapter 3) when comparing the three programs. The original
program required 112 cardé and 314 input-entries. While the detailed
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version reduced the input to 42 cards and nearly 125 input entries,

the simplified version requires only 20 cards and approximately 60

entries.

The simplified and detailed versions of the program can
be effectively used in.a production environment because of the
reduced input. The detailed version which has greater flexibility
in the input of the program than the simplified version is recom-
mended only for unusual bridges; For eiample; bridges with unusual
hybrid. construction, with haunched-girders; or with severe deter-
joration should be modeled only by the detailed version. For other
bridges, the simplified version should provide aéceptable results.
A complete description of the two programs, the input for each -~

program, and the preset control parameters to each program can ‘be

found in Refs. 15 and 16.
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"~ 3. TEST BRIDGES

3.1 Introduction

In order to verify the modified coﬁputer program, compari—.
sons must be made between analytically produced resﬁlts and data
obtained from experimental tesfing: This chapter will descriﬁe the
bridge superstructures and.lqadings used for the verification of the
detailed program; while the'nexf chaptér'will pfesent the results of
the comparison. Two full scale concrete slab and steel girder
structures; which wetre previously sﬁbjéctéd té overload testing and
reported on in the available literafureIWeré aﬁélyzed.by the non=I:.-.

linear finite element method.

3.2 Example Bridge 'l = AASHTO Bridge 3B

The first example bridge is the AASHTO (formerly known as
AASHO) Bridge 3B which ﬁas conétructed as. part of the:AASHTQ Road
Test conducted in the early 1960'§ (Refs. 17 and 18). Bridge 3B was
designed as a simply supported fully composite reinforced c&ncrete
slab and steel girder bridge with a span length of 15.24 m (50 ft.)
centerline-to-centerline of bearing. The concrete deck slab for the
bridge had an average measured depth of 164 mm.(6;45 in.) and was
4.57 m (15'f£.) wide. Thrée W18X60 steel girders were placed 1.52 m

(5 ft.) apart with 11.1 mm x 152 mm (7/16" x 6") coverplates
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extending over 5.64 m (18.5 ft.) of the middle of the span. Figures

5 and 6 show the elevational and cross-sectional views of Bridge 3B.

The.loads.were applied to the superstructure duriﬁg the test
by moving overload véhicles.A For the testing of Bridge 3B three
different overload thicles were ‘used (vehicles 97; 98; and 99 as
shown in Fig.7.). The loading pfoéedure consisted of a truck with
constant weight traveling across the‘bridgé usually thirty times.

The load on the truck would .then be increased and the process
repeated. During the loading process the midspan deflections of
each girder were.monitored‘and recbrded; This procedure continued
until the bridge collapsed'ontO'the'Safeﬁy crib below the bridge

superstructure...

Since the overload vehicle mOVed'over'the'bridge; an -
infinite number of static load configurations were applied to the
superstructure, In .the general.case.the'slab may be subjected to
both longitudinal and transverse bendiﬁg whilé the girders are.
primarily squected to longitudinal‘bending. Construétion of a
static load'configuration'to simulate the moment envelope and thus
to obtain the maximum possible state of stress at every point in
.both the slab and the girders is very difficult to achieve.

Therefore, two different approaches are considered (Ref. 34).

For this particular bridge and loading, the first option
is to simulate the overload vehicle as a line load over each girder
in the finite element model. The loads should be over the girders

for this example Since'the'bridge‘width and vehicle widths are
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approximately the same. Since this idealized load configuration
approximates the moment envelope for the longitudinal direction only,
the loading will produce primarily longitudinal bending in both

the slab and the girders. This moment envelope is produced as the
vehicle traverses the superstructure and contains the maiimum moment

values.

The second option.is to simuiéte the overload vehicle as a
rectangular area load; The area load §h§uld be"éelected such that .
“the analysis is equivalent to thé'ma¥imum sfatic moment diagram
produced by the moving overload vehicle. In this idealized loading
configuration the slab is subjected to both longitudinal and some
transverse bending, while the girders are primarily subjected to

longitudinal bending.

A comparison of the two methods in limited testing shows
the results of the two approaches are nearly identical for the
loads and stresses in the girders.. HoweVer; the slab behavior is
‘different. The first option does not allow "dishing" of the slab.
while the second option allows the slab to "dish". 'Since the major
difference in the two methods is the behavior of the slab and some
"dishing" might be ekpected, tﬁe second option is used tb simﬁlate
the overload vehicle. For this example, the overload has been

entered as one rectangular area load at the midspan of the structure.

Meanwhile, the loads included in tHe'dead load on the beam

solution are the steel girders and coverplates and the wet concrete
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deck. Also only the wocoden curbs on each free'edge_are considered

for the dead load on the composite superstructure.

In order to make both the:geometry and loadings symmetric .
with respect to a longitudinal éiis of symmetry at. the bridge center-
line, b§thonefhangs are considered to bé‘Q.Ql m.(3 ft.) in width.
This increases the bridge width from 4:57 m (Is'ft;) to 4.87 m
(16 ft.) for the full strﬁctu;e. Since theﬁsﬁructufe is already
symmetric about the bridge midspéﬁ (transverSé axis of symmetry),
the bridge could be modeled with:quarfér; half—lqngi?udinal; half-
transverse, or full symmetrf; This report will examine three of the
four options and compare the'tesult# 6f fhe‘fhrée'analyses in the
next chapter. All symmetry optiens é%éept half-longitudinal will be

considered for this structure.

3.2.1 QuarterfSymmeftz‘;

Figure 8 shoWs'thelsuperStruc£Uré diécrééized into a series
of finite elements for the quarter symmetry option: The load loca-
tion and element dimensions are indicated'in'the'figure; A total of
eighteen slab or plate elements and twelve beam elements were used.
It should be noted that because a line of symmetry 1ies'along:thé
axis of the interior girder only ome-half of the interior girder

cross-section is included in the finite element model.

The layered slab and girder models are shown in Fig. 9.
A total of six layers of cbncrete and four layers of steel reinforce-
ment were used in the slab finite element. The direction of action

of the reinforcement is indicéted'by'the'éross—hatched area and is
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given along with the thickness, bar.size, and spacing in Table 1.
The beam finite element consists of a total of ten layers as
indicated in Fig; 9. The cross-hatched layer, which represents the
bottom coverplate; has two’séts of material properties. 1In the
region where no coverplate exists in the actual structure (near the
supports), tHe'material stiffness properties.are set to articically
“low values to.simulate fhe'absence of the coverplate. In the area
where there is a coverplate (near midspan); the'prdpérties of the
steel were uged: Table 2 lis£5'£he'matéfiél pfoperties of the
girder ;teel, steel reinfdrcement; and'conérefe used in Bridge 3B
and the'correspondiﬁg méterial properties used in fhe'finite element
simulation of the'Structure:‘ Differences exist between the two sets
of data because ;he“program now internally defines many of the‘A
material properties which could be“iﬁput p:eviously.

3.2.2 'Half-Transversge Symmetry

Figure 10 shows the superstructure discretized into a
.series of finite elements for the half-transverse symmetry option.
The element dimensions aﬁd.load location are indicated in the figure.
A total of thitty—si% slab or plate elements and eighteen beam
elements were used. Cirdér'and slab layering as'well as material
properties are the same for this model as those pfesented for the

quarterfsymmetry option.

3.2.3  Full Symmetry

The discretization of Bridge 3B for the full symmetry

option is presented in Fig. 11. The load location and element
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dimensions are indicated in the figure. A total éf seventy-two
plate elements and thirty-si*ibeam elements were uSed; Gipdef and
slab layering as well as ﬁaterial ﬁroperties are the same forkthis
model as those presented for. the quarter symmetry optiomn.

3.3 Example Bridge 2 - 'University of Tennessee Bridge 1

This bridge was one of four bridges which were to be

' inundafed,as part oan resef?bir in feﬁnesseé.(Ref; 6). Bridgé 1,
referred to as such by the'eiperimental'researchers; was a four-span
continuous compoéite'structure with gpan lengths of 21;34 m, 27.43 m,
27.43 m, and 21!34 m (70'; 90'; 90", and 70‘):' Thé bridge was con-
structed in 1963 and designed for HS20 loadiﬁg. The deck slab was
178 mm (7") deep and was 10.52 m (34;5') wide including the curb

- (Fig. 12). TFor the finite element analysis the'curb portion of fhe
superstructure was considered to be in ﬁhe same plane and of the
same thickness as the'Slab:' Four W36Xl70 steel girders were used to
support the deck with a girder spacing of 2:54 m (8.33") centerline-
to-centerline between girders. In the negative moment regions there
were four W36X160 steel girders with 267 mm x 25.4 mm (10-1/2" x 1")
coverplates. A plan viéw'of the'superétructure and the location of

the applied loads are shown in Fig. 13.

The loads were applied to the bridge deck by eight 890 kN
(200 kips) center hole jacks resting on bearing grills. The bearing

grills were constructed from two W14X30 steel beams 1.17 m (46")

long and 0.76 m (30") center-to-center which were resting on concrete

-30-



pads poured directly on the bridge deck. The location of the

grills is shown in Fig. 13 by'érbss—hatched areas.

Due to the symmetry of the‘éfructure and the loading about
the bridge centerline; only ane;half (half—longitudinalj of the
strﬁcture needs to be modeled. The discrétization of the bridge is
given in Fig. 14 with‘tﬁe'load locations and element dimensioms.

The cross-hatched areas represent ﬁhe‘location of the patch loads
that must be applied to the idealized strucfure:' A total of fifty--
six slab elements and twenty-eight beam elémenfs were used. The

area of ﬁain structural interest wag_the'portion of the bridge near
ithe midspan of the'loaaed'span; therefbre; the element discretization
is finér in this‘region and much coarser in other spans. Whiie the
coarse discretization of the unloaded spans will be sufficient to-
model accurately the stiffness of the bridge; deflgptionsAand
stresses. in these regions will not be reliable because of the element

size and aspect ratio.

The layered slab and beam finite element elements are shown
in Fig. 15. A total of six layers of concrete and four layers of
steel reinforcement were used. The direction of action of the slab
reinforcement is pgrpendicular tovthé'cross—hatched area and is
specified along with the thickness, bar size;_and spacing in Table 3.
The exact reinforcement and pattern were noﬁ_given,iﬁ Ref. 6 so a
reinforcement distfibution based ﬁpon.the'existing'designppractices
was chosen (Ref. 30); The beam finite element comsists of tén layers

as indicated in Fig. 15. Because tﬁe‘length'Of the coverplated
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sections were not specified in Ref. 6, the W36X170 girder was used
throughout . the bri‘dge." Finally, the material Aproperties and para-
meters assumed for the finite element analysis are listed in Table

4,
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4. .COMPARISONS OF ANALYTICAL AND EXPERIMENTAL RESULTS

4.1 'Introduction

In order to verify the detailed version of the computer
program (Ref. 15); compérisons‘mué£ bé'méde‘between ekperimental
and analytical results. Several bridge superstructures have been
tested with satisfactory agreement in the comparisons made. This
chapter will report the results of the comparisons for the two
girder-slab bridges described in Chapter 3.

Three types of comparisoﬁ.will be‘méde for ﬁhe'first example
bridge. First, a comparison of the'analftical*résults will be made
with the reported experimeﬁtal results (Réf: 18). Secondly, c;mpar—
isons between the three symmetrj-options will be made in order to
check that the three models give ideﬁtical results. Finally,
comparisons will be made bétween'éomputer‘anal&ses; which terminated
at the allowable AASHTO provisions (Refs; 2 and 3) and those which

were allowed to approach but not reach the'ultimatevload of the

structure.

The second eﬁample bridge was modeled only with half-
longitudinal symmetry.v Therefore, onl& the first and third types
of comparison mentioned for egample bridge one wili be made for the
continuous span; The'e%perimental results of the second ekample

bridge are given in Ref. 6.
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4.2. Example Bridge 1 - AASHTO Bridge 3B

4.2.1 Comparison of Analytical-:and Experimérital Results

In order to compute the anaiytical and experimental results
for the first examplé bridge;'the'lbad—deflection curve and dead
load stresses were found in Ref: 18 ‘and coﬁpiled in Table 5 along
with tﬁe analytical results of the full symmetry. The next éecﬁion
will show that the results of the'threé'Symmetry options differed
by no more than 1%. Therefore if a valid comparison eéists between
the experimental and full symmefrf results, the comparison can also

be extended to the quarter and half-transverse symmetry options.

First, in comparing the load-deflection results with the
curve found in Ref. 18; the'analytical'resﬁlts showed higher de-
flections than those predicted:by'thé'curve; For the 757 of yield
stress load; the deflection predicted by the program is nearly 35%
higher than. experimental resuits:j At higﬁer load levels, the
deflections show even more-discrepancy: HoweVer; some difference
between test results and compufed'results is tﬁlbe'eipected,
because the loads were applied to the test structure by three
different overload vehicles in motion and the'finite.element
program applied an approximate equivalent static loading pattern in
an incremental manner. Because the overload was applied as a
rectangular area load at midspan instead of a line load as suggested
in Ref. 34, the discrepancy is probably compounded. While the
discrepancy in deflections is significant; it is believed that
modeling the overload as a line load instead of a rectangular area
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load would improve the comparison of deflections to within

acceptable limits.

Other comparisons yiglded favorable results. For example,
stresses.were reported in Ref; 18 for the two components of the dead
load solution (see Table S): For both solutioms, the.reported
results were higher than the'SfreéSeé'predicted by the program. In
the dead load on the'béam éélution, there is a diffefgnce of 6.8%
for the'ekterior girder‘aﬁd 3:0% for ﬁhe'interio: girder. The
analytical model oniy considéréd'the‘dead weight of the steel
girders, coverplates, and the‘"weﬁ"'concrete slab, while the experi-
mental results also included. the weight of the'éhear connectors and
diaphragms. 'Also; the actual unit weight of the concrete deck slab
had to be assumed for the finite elemené model. since it was unknown.
If thelassumed‘unit weight of concrete was less than the actual
unit weight, the comparison would be even more favorable. - Similarly,
the dead load on the sfructure solution was assumed to only include
a wooden curb for the analytical mddel; ﬁowever; Ref. 19 indicatés
additional. dead loads were included'oﬁ the actual structure. They
were the weight of the concrete slab extending beyond the supports
and the stresses left in the girders because of the weight of the
forms. Considering the additional loads on the actual structure for
the two dead léad solutions; the comparison of stresses between

experimental and analytical results is. very favorable.

'Finally, the progression of failure due to-the increasing

load is 'in good agreement. The damages began as yielding of the
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bottom flange at the end of the coverplate. Yielding progressed
along the end of the'céverplaté'and initiated at the midspan and
into the web and coverplate 1ayer§; béfore cracking of the‘deck
began. Cracking of the'deék’Was‘limited to the bottom layers of the
slab initially before progrésSing through the middle concrete

layers.

While there is some discrépancy in the comparison of the
analytical and experimental results, they can be'jﬁstified by the
assumptions made in the finite element model. Improving the

assumptions will also improve the comparison of results.

4.2.2 Comparison of ‘Symmetry Options -

As described in Chapﬁerf3;'this bridge was analyzed for
quarter, half-transverse;'and full symmetry in order to check that
ideﬁtical results'were.repbrted'by“ththhiée analyses: All three
models were made with identical discrE£izations; material properties,
1oadings; and all other input daté: The three symmetries were
analyzed until at leaéﬁ one steel girder layer e%cee@ed'75% of the
yield stress for that material layer and until the ailowable crack
width was e#ceeded in the'toncrété.Slab:' This permitted the thesis
to check the allowable load in accordancé with the AASHTO provisions
(Ref. 2) and a more extreme but not ultimate load. Tables 6 and 7
present the results of the three computer analyses terminating at
75% of. the yield stress (the lower termination check) while Tables
8 and 9 list the_results_of the'éther three computer analyses which

terminate because the maximum crack width (the higher termination
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check) is exceeded. In order to make the comparisons easier to
understand, all four tables are presented as if the results of the

quarter and half-transverse symmetries were full symmetries.

Looking at Tables 6 and 7,'the'results can be considered
identical for all comparisons and all symmetries. There are two or
three comparisons where a very slight'differenée-exiéts in the
third significant figure Of.the'results: This corresponds to .a
difference of less thaﬁ 1%: Théréfbre; these comparisons are valid

for loads, deflections, damage levels, and stresses.

Similarly; looking at Table§'8 aﬁd 9; ﬁﬁe'results of the
three symmetries are in good'agreement: Identical results are shown
for the two dead load solutions: However; the overload solution
shows slightly different results for each of the three symmetries.
All three.analyses terminated at load levels within 1% of each other.
This slight difference in termination load can be'e#pected to
produce differences in the results of éhe'Stresses and deflections
for the three symmetries; HoweVer; even when comparing slightly
different load 1evels; the'maiimum difference in stresses and

deflections only approaches 3Z%.

4.2.3 Comparisor of ‘Two Termination Options -

Two termination options were analyzed for each of the three
symmetries of example bridge one. The first termination check was
activated if at least one steel girder layer exceeded 75% of the
yield stress for that material 1ayerf’ This termination check is in

accordance with the AASHTO provisions (Ref. 2). The second cei it
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termination check alléwed'thQIStructure to.receive extensive
damages but not reach'the'ulﬁiméte'load. For the second termina-
tion check, if the maiimum craék'Width §f 0:1015 mm (0.004") was
exceeded; the analysis terﬁinafedz This comparison will consider‘
only the results ofvthe'full symmetry optibn since.all symmetries

have been shown to produce "identical" results.

Table 6 shows the maximum allowable load level permitted
on Bridge 3B. for the'lower'fermination cheék.' While the bridge was
Aesigned for an HS20 truck (324 kN or 72 kips); the program only
| permits a maiimum allowable load‘bf 287:8 kN (64;7 kips) when the
impact factor is included in the'aﬁalysis.. HoweVer; if the loading
is done under controlled conditions (truék moves ‘at crawl speed
with escort”véhicle); the'impact.facfor-can be ignored and the
allowable load increases to 370.1 kN'(83;2 kips). These computer
results appear conservative when compared to-the design loading.
However, Ref. 18 (page 188) showéd the actual stresses e#ceeded the
design stresses by appro#imately 7% during the e;perimental testing.
Therefore, it appears that the bridge was slightly underdesigned

and the program accurately predicts the structural response.

Eecause,the'bridge is still in a 1inear1y elastic response
region; the lower termination check seems to be overly conservative
and impractical for a serViéeability limit. Therefore; a second
termination check was analyzed in order to achieve nonlinear
response and.some damage ﬁé'the'Strucﬁure.“Table 8 shows' the
maximum loads for ﬁridge 3B when the crack width of 0;1015 mm
e
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(0.004") is the controlling termination parameter. Because of the
excessive damage at this load level;-this termination check is not
a practical serviceability limit. 'HoweVer, a practical load ievel
can be determined from reducing the data from the program. For
example, if the unknown residual stresses can be assumed negligible
for this>specific bridge,'ﬁhe'usef[may determine that the first

. yield of the girder is the‘Serviceabilify_limit. In this case in a
controlled oﬁerload,thé'practiéal 1iﬁit-BéComeé'596:1 kN (133.9
kips). For an uncontrolled overload at first yield; the load

reduces to 463.5 kN (104.2 kips).

This thesis does not try_to.éuggeéﬁ a new.AASHTO provision
for the serviceability of bridges;“bﬁt does try to show that a
higher termination chetk‘théﬁ-the‘75% éf yield stress should be
considered in some Cases: If the residual stresses cannot be
neglected. in the analyéis;,thenithe'752 of yield stress is probably
an acceptable. serviéeability limiﬁ. However; if residual stresses
are less than 257 of the yield sfreés, higher load levels than those
predicted by using the 75% of yield stress limit could be permitted.

4.3 Example Bridge 2 ~ University of Tennessee Bridge 1

4,3.1 Comparison of Arialytical “and Experimental Results

In order to compare the ana1ytica1 and experimental results
for the second example bridge, the load-deflection curve and limited
qualitative damages wetre found in Refg 6 and compiled in Table 10
along with the analytical reéulﬁs:' Fu¥ther‘comparisons cannot be
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made since the experimental results were not reported in more

detail.

first; in éomparing'ﬁhe'load—deflection results shown in
Table 10;>good agreeﬁént.is foﬁnd.algﬁg'éhé'Cenferline of the bridge
and along the exterior girder:for the'loads'shon: ‘'The largest
discrepancy‘between'thé e%perimenéal énd aﬁalytical results is '
6.3%. AThe other three comparisoné are different by'approxiﬁately

2% each.’

The first yield load for tﬁéiéeﬁond example bridge was
reported in Ref. 12 to be 2757.9 kN (620 kips);~ The analytical
model predicted first yield of the girder to occur at 3100.0 kN
(696.9 kips); The higher yield_load.caﬁ be explained by the fact
that a higher yield steel material was input in order to balance’
the lack of a coverplate'inrthe’model: The higher yield steel
material without the coverplate simulated the actual girder with a
coverplate; Bearing the assumption of the model in mind, this-

comparison is within acceptable limits,

Finally, good agreement is also seen in the comparison
of the load which causes first cracks in the top of the slab at the
first pier to appear. A difference of 5.8% is shown in Table 10.
Considering the visual observation of'éracking in the slab does not
give any quantitative information on the extent of cracking through
the slab;'the'reported‘cracking load could have been "surface deep"
or halfway through the slab depth:‘ TherefOre; this comparison is

considered to be within acceptable limits.
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4.3,2 Comparison of Two Termination Options

As with example bridge one;'two’terminatiqn options were
analyzed in order to yield results acceptable to Ref. 2 and to
provide a solution with more ektensive damages: -For continuous
structures, the program will usually ﬁerminate when three layers
of a concrete plate element are éracked'(low termination option).
A second computer analysis was also made which terminated when the

maximum allowable crack width was exceeded (high termination option).

Table 11 presents a summary of fhé'reéﬁlfs from the two
analyses. The first anal&sis already ‘has some sizeable damages to
the concrete 'slab, while the'Secbﬁd aﬁalfsis has extensive damages
to the concrete deck; Unlike'the'firsﬁ-example bridge, the first
analysis (low) appears tO'be'a.pracfical serviéeability limit in
the rating of bridges; .Theréfore; three cracked layers of one
concrete plate element is recommeﬁded'as the termination limit of the
computer program. Higher loads than ghoSe‘predicted by this

criterion are not recommended.

Another load-damage comparison can also be made. The dead
load solutions for both—-analyses were identical in load. These
results should be expected since the same dead loads were input

into the program for the two analyses.
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‘5. CONCLUSIONS

5.1 Conclusions

Based upon the comparisons betWeen'the'exﬁerimental and the

analytical results, the following observations and conclusions can

be noted:

1.

The overload structural response of steel girder-
concrete slab highway bridges, in terms of stresses,

deflections, and damages, can be predicted within

acceptable limits by the detailed version of the
mgdified program.

All four symmetry options were tested with satis-
factory agreement in the comparisons made. For
the simple span bridge; three symmetry options were
analyzed with nearly identical results (less than
1% difference). The'fourth-Symmetry option was
tested for the continuous structure.’

Present serviceability limits of the program may
tend to be conservative for some bridges which
terminate at 75% of the yield stress if residual

stresses can be assumed negligible.
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4., Bridges which terﬁinate at three cracked layers
within one plate element is probably an acceptable
serviceability limit.:

5. In continuous beam-slab bridge superstructures the
first failure is the cracking of the concrete slab
at the top surface in the negative moment region.

6. In simple span beam-slab bridge superstructures
the first failﬁre is the yieldiﬁg of the steel
girders in the bottom fibers either at the midspan

or at the end of a coverplate.

5.2 'Suggestions for Future- Research

The observations and conclusions presented in the last
section are those which wetre clearly evidént in the examples studied
as part of this research. It would be e#pected that further analy-
tical results would confirm these conclusions. However, because the
results already obtained come from only a limited number of tests,

the following recommendations are made for future research:

1. An extensive parametric study on many different
beam-slab bridge superstructures and loading
patterns should be conducted using the detailed
and simplified versions of the program. This

study would more firmly establish overload
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response characteristics and would allow for a
comparison of results betweén the two program
versions.

If possible, determine appropriate serviceability
limits for frequent and infrequent overloads
through experimental data, field obser&ations,
and analytical studies.

Compile an overload directory similar to the
directory for coﬁcréte beam;coﬁcrete slab

bridges (Réf: 20).

Investigate the'variatioﬁ of shear connector
stiffnesé from full compoéite to partial composite
to noncomposite. Verify the results of the
résults of the analytical method for partial
composite and noncomposite bridges against
experimental results.

Verify the simplified version of program BOVAS.
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TABLE 1 EXAMPLE BRIDGE 1 - AASHTO 3B

SLAB REINFORCEMENT AND ORTENTATION

Bar Size  Spacing Thickness Centroid* Angle

5 152 mm 1.312 mm  -10.5 mm  -90°
6.0 in 0.0517 in -0.413 in

4 305 mm 0.4233 mm  3.81 mm 0°
12.0 in  0.0167 in  0.150 in

5 222 mm 0.9009 mm  32.7 mm o°
8.7 in  0.0355 in  1.288 in

5 152 mm 1.312 mm  48.6 mm -90°
6.0 in  0.0517 in  1.913 in

*

Positive indicates below the slab mid-plane
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TABLE 2 EXAMPLE BRIDGE 1 -~ AASHTO 3B

MA TERTAL PROPERTIES

. ACTUAL* BOVAS**
Material Property
(MP3a) (ksi) (MPa) (ksi)
) .
Concrete fc 39.58 5.74 39.58 5.74
Concrete ft - - 3.17- 0.459
Concrete Ec 35,852 5,200 30,098 4,365
Reinforcing o 422 61.2 422 61.2
Steel y
Reinforcing o 198,569 28,800 199,948 29,000
Steel i
Girder Steel Oy’ flange 242 35.1 248 36.0
Girder Steel oy,'web 275 39.9 290 42.0
Girder Steel cy, cover- 268 38.9 290 42.0
plate
Girder Steel E 206,842 30,000 199,948 29,000

*

These properties are taken from Ref. 17

*

program BOVAS.
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These properties were used in the analytical model-



*
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TABLE 3 EXAMPLE BRIDGE 2 - UNIVERSITY OF TENNESSEE BRIDGE 1

SLAB REINFORCEMENT AND ORIENTATION

Spacing

Thickness

Bar Size Centroid* Angle
5 140 mm 1.432 mm  -17.5 mm  -90°
5.5 in 0.0564 in -0.688 in
5%% . 318.mm 0.630 mm - 1.59 mm 0°
12.5 in 0.0248 in -0.063 in
fxk 319 mm 0.889 mm - 1.59 mm 0°
12.6 in  0.0350 in -0.063 in
5 203 mm 0.985 mm 39.7 mm 0°
8.0 in 0.0389 in  1.563 in
5 140 mm 1.432 mm 55.6 mm  -90°
5.5 in 0.0564 in  2.188 in

Positive indicates below the slab mid-plane.

* .
These two reinforcement layers compose the top

longitudinal steel reinforcement layer.
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TABLE 4 EXAMPLE BRIDGE 2 - UNIVERSITY OF TENNESSEE BRIDGE 1

MATERTAL PROPERTIES

Material Property BOVAS*

C (MPa) (ksi)
Concrete f; 47.37 6;87
Concrete ft 3.38 0.490
Concrete Ec 32,929 4,776
Reé‘gﬁgicmg g 275.8 40.0
Reinforcing g 199,948 29,000

Steel i
Girder‘Steel Oy 289.6 42,0
Girder Steel E; 199,948 29,000

These properties were used in the analytical model,
program BOVAS.
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TABLE 5 EXAMPLE BRIDGE 1 ~ AASHTO 3B

EXPERTIMENTAL-ANALYTICAL COMPARISONS

Experimental®
Load-Deflection Comparison
75% of Yield Stress Load (kN) 370.1
(kips) | 83.2
Max. Deflection at q; (mm) 18.3
(in) 0.72
Dead Load on Beam Solution
Max, Stress at Midspan
Exterior Girder (MPa) (MPa) 101.4
(ksi) 14.7
Interior Girder (MPa) | 90.3
(ksi) 13.1
Dead Load on Structure Solution
Max. Stress at End of Coverplate
Exterior Girder (MPa) 130.3
(ksi) 18.9
Interior Girder (MPa) 110.3
(ksi) 16.0
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Analytical*#*

370.1
83.2
24.4

0.96

94.5
13.7
87.6

12.7

107.6
15.6
99.3

14.4



*

TABLE 5 EXAMPLE BRIDGE 1 - AASHTO 3B

EXPERIMENTAL-ANALYTICAL COMPARISONS

Experimental* Analytical**
Max. Stress at Midspan
Exterior Girder (MPa) 113.8 100.7
(ksi) 16.5 14.6
Interior Girder (MPa) 96.5 93.1
(ksi) 14.0 13.5

*
The experimental results are taken from the text
and figures of Ref. 18

*
The results of the FULL symmetry analysis are used
for this comparison. '
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TABLE 6 EXAMPLE BRIDGE '1 - AASHTO 3B

LOW TERMINATION SYMMETRY.COMPARISONS7(75%rdv)7-'LoAD-DAMAGE

Dead Load On Beam Load (kN)
(kips)

Dead Load on Structure Load (kN)
(kips)

Termination Load w/Impact (k)

(kips)_

Termination Load w/o Impact (kN)
(kips)
Max. Deflection at q; ' (mm)

(in)

Number of Yielded Layers

Number of Cracked Layers

*

Half-

Quarter* Transverse* .= Full

346.1 346.1 346.1

77.8 77.8 77.8

17.8 17.8 17.8

4.0 4.0 4.0

369.6 370.1 370.1

83.1 83.2 83.2

287.4 287.8 287.8

| 64.6 64.7 64.7

24.3 24,4 24.4
0.958 0.959 0.960

0 -0 .0

0 0

Quarter and half-transverse results are reported as if

the symmetry was full in order to facilitate an

easier comparison.
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TABLE. 7 EXAMPLE BRIDGE 1 - AASHTO 3B

LOW TERMINATION SYMMETRY COMPARISONS (75% Oy) - MAXIMUM STRESSES*

Half- .
Quarter Transverse Full
Dead Load on Beam Solution
@ End of Coverplate
Exterior Girder (MPa)  101.4 101.4 101.4
(ksi) 14.7 14.7 14.7
Interior Girder (MPa) 93.1 93.1 93.1
(ksi) 13.5 13.5 13.5
@ Midspan '
Exterior Girder (MPa) 94.5 94.5 94.5
(ksi) 13.7 13.7 13.7
Interior Girder (MPa) 87.6 87.6 87.6
(ksi) 12.7 12.7 12.7
Dead Load on Structure Solution
@ End of Coverplate
Exterior Girder (MPa) 107.6 107.6 107.6
(ksi) 15.6 15.6 15.6
Interior Girder (MPa) 99.3 99.3 99.3
(ksi) 14.4 14.4 14.4

R VR, Poarou.
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TABLE 7 EXAMPLE BRIDGE 1 - AASHTO 3B (continued)

LOW TERMINATION SYMMETRY COMPARISONS (75% Gy) - MAXTMUM STRESSES#*

Half-
Quarter Tramsverse  Full
@ Midspan
Exterior Girder (MPa) 100.7 100.7 100.7
(ksi) 14.6 14.6 14.6
Interior Girder (MPa) 93.1 93.1 93.1
(ksi) 13.5 13.5 13.5
Overload Solution
@ End of Coverplate
Exterior Girder (MPa) 195.8 195.8 195.8
(ksi) 28.4 28.4 28.4
Interior Girder (MPa) 188.2 188.2 187.5
(ksi)  27.3 27.3 27.2
@ Midspan
Exterior Girder (MPa) 187.5 188.2 188.2
(ksi) 27.2 27.3 27.3
Interior Girder (MPa) 180.6 180.6 180.6
(ksi) 26.2 26.2 26.2

*
All stresses reported in this table are at the bottom
‘fiber of the girder. :

-53-



TABLE 8 ‘EXAMPLE BRIDGE- 1l -~ AASHTO 3B

LOW TERMINATION ‘SYMMETRY ‘COMPARISONS (MAX. CRACK WIDTH)

"LOAD-DAMAGE

Half- S
‘Quarter* -~ Transverse* Full
Dead Load on Beam Load (kN) "346.1 346.1 346.1
(kips) 77.8 2 77.8 77.8
Dead Load on Structure Load (kN) - 17.8 17.8 17.8
(kips) 4.0 4.0 4.0
Termination Load w/Impact (k) 1303.3 1306.9 1294.0
. (kips) 293.0 293.8 290.9
Termination Load w/o Iﬁpact (kN) 1013.7 1016.4 1006.2
(kips) 227.9 228.5 226.2
Max. Deflection at G (mm) 242.2 246.0 236.9
(in) 9.535 9.685 9.327
Number of Yielded Layers 180 180 179
- Number of Cracked Layers 132 132 136
*

Quarter and half-transverse results are reported as if
the symmetry was full in order to facilitate an easier
comparison.
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TABLE 9 EXAMPLE BRIDGE 1 - AASHTO 3B

HIGH TERMINATION SYMMETRY COMPARISONS (MAX. CRACK WIDTH)

- MAXTMUM STRESSES .

Dead Load on Beam Solution*

@ End of Coverplate

Exterior Girder

Interior Girder

@ Midspan

Exterior Girder

Interior Girder

(MPa)

(ksi)‘

(MPa)

(ksi)

(MPa)
(ksi)
(MPa)

(ksi)

Dead Load on Structure Solution*®

@ End of Coverplate

Exterior Girder

Interior Girder

(MpPa)
(ksi)
(MPa)

(ksi)
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Half-
Quarter Transverse Full
101.4 101.4 101.4
14.7 14.7 14.7
93.1 93.1 93.1
13.5 13.5 13.5
94.5 94.5 94.5
13.7 13.7 13.7
87.6 87.6 87.6
12.7 12.7 12.7
107.6 107.6 107.6
15.6 15.6 15.6
99.3 99.3 99.3
14.4 14.4 14.4



TABLE 9 EXAMPLE BRIDGE 1 - AASHTO 3B (continued)

HIGH TERMINATION SYMMETRY COMPARISONS (MAX. CRACK WIDTH)

- MAXIMUM STRESSES

@ Midspan

Exterior Girder

Interior Girder

Overload Solution**

@ End of Coverplate

Exterior Girder

Interior Girder

@ Midspan

Exterior Girder

Interior Girder

Reported stresses are for the bottom fiber of the girder.

*%
Rported stresses are in the web of the girder.

(MPa)
(ksi)
(MPa)

(ksi)

(MPa)
(ksi)
(MPa)

(ksi)

(MPa)
(ksi)
(MPa)

(ksi)
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Half-

Quarter Transverse Full
100.7 100.7 100.7
14.6 14.6 14.6
93.1 93.1 93.1
13.5 13.5 13.5
375.1 380.6 365.6
54.4 55.2 53.6
375.8 378.5 376.5
54.5 54.9 54.6
355.1 353.7 368.2
51.5 51.3 53.4
354.4 353.7 368.9

51.4 51.3

53.5



TABLE 10 EXAMPLE BRIDGE 2 - UNIVERSITY OF TENNESSEE BRIDGE 1

EXPERIMENTAL - ANALYTICAL COMPARISONS

Experimental* Analytical
Load-Deflection Comparisons
Low Termination Load (kN)  2041.7 2041.7
(kips) 459.0 459.0
Deflection at Exterior Girder (mm) 43.5 42.4
(in) 1.71 1.67
Deflection at Centerline (mm) 54.9 55.9
(in) 2.16 2.20
High Termination Load (kN) 3461.6 3461.6
(kips) 778.2 778.2
Deflection at Exterior Girder (1om) 76.2 71.4
(in) 3.00 2.81
Deflection at Centerline (mm) 109.7 107.2
(in.) 4,32 4,22
Load Comparisons
First Yield Load (kN) 2757.9 3100.0
(kips) 620.0 696.9
First Cracks @ Pier 1 (kW)  2891.3 2722.3
(kips) 650.0 612.0

*
The experimental results are taken from the

text and figures of Ref. 6.
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TABLE 11 EXAMPLE BRIDGE 2 - UNIVERSITY OF TENNESSEE BRIDGE 1

LOAD-DAMAGE COMPARISONS

Low* High**
Dead Load on Beam Load (kN) 5252.9 5252.9
| (kips) 1180.9 1180.9
Dead Load on Structure Load (kN) 89.0 89.0
(kips) '20.0 20.0
Termination Load w/Impact (kN) 2041.7 3461.6
(kips) 459.0 778.2
Termination Load w/o Impact (k) 1641.4 . 2782.8
(kips) 369.0 625.6
Max. Deflection at G (mm) 55.9 107.2
(in) 2.20 4.22
Number of Yielded Layers 0 6
Number of Cracked Layers 23 92

* .
Low corresponds to a termination of 3 cracked

layers in one element.,

%
High corresponds to a termination of maximum
crack width exceeded.
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Fig. 2 Beam and Slab Node Point Arrangement
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Fig. 3 Slab and Girder Layering
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BRIDGE DESCRIPTION:
(NO. ELEMENTS, LAYERS, MATERTAL

PROPERTIES, DETAILS, TYPE PROBLEM, ETC.)|

Y
BRIDGE LOADING:
DEAD LOADS, AND LIVE LOADS

v
DEAD LOAD SOLUTIONS

Y
SCALING PROCEDURE

Y .
OVERLOAD SOLUTION PROCEDURE

Y
TERMINATION CHECKS

YES

STOP

NO
\

APPLY ANOTEER LOAD INCREMENT

A

Fig. 4 Flow Chart BOVAS Solution Scheme
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—63—



VEMICLE 96

Fig. 7 Overloaded Test Vehicles - Example
No. 1
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