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Chapter 1: General Introduction

The determination of the distribution of live-lotmbridge girders is a necessary step
in order to rate a bridge based on its respondeanings which simulate vehicles
moving across the deck. Different vehicle types loimad with the numerous possible
locations for these vehicles on the bridge declidda a difficult and time consuming
analysis. For this reason, the AASHTO LRFD Bridgesign Specification (2003)
contains equations which simplify the determinatadnlive-load girder distribution
factors. These equations are based on standargebpidperties that have the most
significant affect on load distribution. They wei@mulated from research for the
National Cooperative Highway Research Program 1p+fect (Zokaie et al. 1991).
This research extended the use of the distribdtiotor equations by encompassing a
wide range of bridge types and geometries. Becafiske large variance in bridge
types and geometries, the AASHTO LRFD equationsehavtendency to be overly
conservative for certain bridge geometries (Bafi®@0Also, if bridge geometry varies

greatly along the span, the equations may becoappiitable (Zokaie 2000).

When a more accurate analysis of the girder didioh factors is required or when
the use of the AASHTO LRFD equations is restrictet advised to use a grillage or
detailed analysis by the finite element method @ekR000). A finite element analysis
can take time to develop and test for accuracysofesults. An analyst often creates
each model for a specific bridge by assigning threpriate constitutive properties,
geometry and boundary conditions to represent ¢theabbehavior of the system. The

analyst must also select proper element types Her hodel to ensure accurate
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simulation of the structural components. Separatelpading procedure that envelops
the maximum loading the bridge is likely to sustduming its lifetime must be applied

in order to obtain realistic live-load girder dibtrtion factors.

The extensive variability of each FE model causes dnalyses to be lengthy and
expensive when applied to an assortment of briflgres comparison study or general
bridge evaluations. A generalized FEM that encomgssa wide range of bridge
geometries would be useful in reducing the amodninoe it takes the analyst to
develop a model for each bridge analysis. Addifigna shorter run time for each

model will further reduce the total time allottedthe analyses.



Chapter 2: Creation of a Generalized 3-D Finite Element Bridge Model

Objective

The objective of this paper is to develop a geimzdl finite element model to

determine live-load girder distribution factors fan assortment of bridges. The
modeling approach will provide enough versatility ancompass a wide range of
bridges through the entry of a limited number ofialsles required to define each
bridge. These variables define the geometric amdtdative properties of a bridge as
well as the loading procedure for each analysig §hort time required to define and

analyze each bridge is central to efficient ratingl assessment.

The creation of a generalized model that is ad#ptaba large range of bridge types
with different loading procedures requires a velesdinite element program. For this
reason, the FE progra@penSees was used to develop the generalized bridge model.
This program was developed for the research commdar analyzing structures
subject to dynamic earthquake loads and extend§dhscripting language to support
commands to define the geometry, loading, formaiatand solution of the model.
The analyst can implement variables, mathematigptessions, control structures,
procedures, and file manipulation during the coeatf the Tcl script which is used to
run the FE program (Mazzoni et al. 2006). This getliows for a highly adaptable
model based on the intricacies of the Tcl languageprovides the necessary platform

for the generalized bridge model subject to varimesing loads.



Discussion of M odel

There are a number of different finite element ntiodetechniques applicable to a
bridge analysis. Basic considerations for every ehaate element types and the
constitutive properties depending on either a lirmanonlinear material behavior. The
creation of the generalized model requires simplici setup and a reduced analysis

time. The modeling parameters are selected wabetltonsiderations at the forefront.

A number of researchers have successfully develamedtested bridge models of
existing structures. These models, operating in dlastic range, were shown to
accurately predict the behavior of existing bridgdsthe service level. For these
analyses, element types are used in combinatidm tivé linear-elastic assumption to
determine live-load distribution for various bridggpes. Mabsout et al. (2004)

modeled an existing reinforced concrete slab briggjeg quadrilateral shell elements
in order to study wheel load distribution. The teswere successfully compared to
field measurements. Potisuk and Higgins (2007) istudshear distribution in

conventionally reinforced concrete bridges by cornmggfield measurements to a

finite element model using 8-node shell elementsttie deck, girders, diaphragms,
and bent caps and frame elements for the colummghddand Idriss (2006) modeled a
prestressed concrete box girder bridge using stethents for the deck and frame
elements for the girders. The two element typesewennected by rigid beam links to

achieve composite action. Barr et al. (2001) engdiothe same modeling scheme as

Hughs and Idriss (2006) for skewed prestressedretngirder bridges. Tabsh and
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Tabatabai (2001) considered live-load distributadnoversized trucks on composite
steel girder bridges with concrete decks. Their eh@dhployed beam elements for the
flanges of the girders and also for the bridge lsiagms. The girder webs and bridge
deck were modeled with 4-node shell elements. Rigidm elements were used to
connect the top flange of the girders to the skkments of the deck. Barr et al.
(2006) compared three different finite element nliogeechniques: shell elements for
the entire structure, rigid beam links connectihgliselements for the deck and frame
elements for the girders, and rigid beam links eamting solid elements for the deck
and frame elements for the girders. All three miodekchemes produced similar
results and were within 4% of actual bridge measerdgs. Chung and Sotelino (2005)
used shell elements to model a concrete deck deel girders. The girders were
modeled with various techniques for comparison. Wb and flanges of each girder
were modeled with different combinations of beand ahell elements. They found
that accurate results were achieved with the momta@anic model using simple beam
elements for the girders with rigid links connegtithem to the shell elements of the

deck.

Considering all these previous works for the coratf an efficient generalized bridge
model, a linear-elastic analysis was assumed. Tdrereiteration of the stiffness
matrix is not required upon each load applicatiod analysis time is considerably
less compared to a nonlinear or inelastic modeé odel, through assignment of

constitutive properties, reserves the ability talgpe bridges composed of various
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materials; the focus of this paper is to constaubridge model adapted to reinforced
concrete, but the linear-elastic assumption carexiended to other materials. The
modeling of concrete without consideration of ciagkwas shown to have little
adverse effect on the overall behavior of the @idgstem within the elastic range of

the structure (AASHTO LRFD 2003).

To further reduce analysis time, the degrees addiven of the model are kept to a
minimum through the selection of appropriate eletsieRor this reason, 4-node shell
elements are used to model the deck of the gemedaliridge model. Frame elements
are used to model the girders, diaphragms, and dag#. Rigid beam links are used
between the deck nodes and the girder, diaphragoh,bant cap nodes to enforce
composite action. This modeling scheme, shown gn Eil, was chosen both because
it has fewer degrees of freedom and it is easienfdement than a model using either
shell elements for the entire structure or usinglsgements for the deck in place of

the shell elements.
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Fig. 2.1: Diagram of rigid link connection.

L oad Modeling

To determine live-load girder distribution factorah AASHTO HS-20 truck is
commonly used as per AASHTO specifications (200@®) ia shown in Fig. 2.2. A few
different loading techniques have been used byarekers to apply this standard truck

loading.

71.2 kN
142 kN 142 kN each tire 17.8 kN

35.6 kN each tire

bl |

| | | L )

" 4267 mm” 4267 mm” 1829 mm 1829 mm

Side View Rear View Front View
(rear axle set to min. spacing) (rear axle tire loads) (front axle tire loads)

Fig. 2.2: Diagram of standard AASHTO HS-20 design truck logdi
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Most often, influence lines are used to determireelongitudinal locations of interest
on the bridge span where the magnitude of the sbedsending stress is at a
maximum. Barr et al. (2006) used influence linedinal these critical longitudinal
locations and then applied an HS-20 truck at thesstions and systematically moved
the truck across the width. Tabsh and Tabatabad1(P@sed the same technique.
Potisuk and Higgins (2007) developed a three-dimeas$ shear influence surface for
a specified location of both interior and extemginders. The magnitude of the HS-20
truck tire loads were then multiplied by the infhee ordinates to find the maximum
value of shear for the girder section. All threesesause the following method to
determine the distribution factors: the maximunessror force is found in the girder
and divided by the sum of the stresses or forcedl igirders at the section of interest;
this value is then multiplied by the numbers ofeatoaded and by the multi-presence
factor as listed in the AASHTO LRFD (2003) speatfion. The equation is described
as

N yfm

n

Zfi

i=1

GDF =

(Equatidni)

where N=number of lanes loadeg;multiple presence factor (1.2 for N=1; 1.0 for

N=2); fr=maximum girder response (requisite response fearsbr moment);

n
Zfi =sum of response of all girders at the associateskesection.
i=1
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The adaptability of the Tcl script allowed for tHefinition of various loadings. The
generalized model was developed in such a way afidw the user to define both
longitudinal and transverse sections of interesttii@ systematic application of the
truck load at specified increments. This allows the analyst to choose either a
localized area of interest based on influence Jimesto apply truck loading to the
entire bridge and bypass the process of developithgence lines. Also, a separate
loading procedure allows for influence surfacebdacreated by applying a point load

to all deck nodes. The analyst chooses the locatbmterest for these surfaces.

Model Setup

The previously determined modeling technique anddilog procedure were
implemented iMOpenSees through the creation of a Tcl scrifdpenSees possesses a
qguadrilateral ShellMITC4 element which was usedrtodel the deck. The element
uses a bilinear isoparametric formulation with adified shear interpolation which
improves thin-plate bending performance (Bathd.e2G00) and allows for the use of
larger elements with a set thickness. This elemes selected because it is the only
available shell element @penSees. The advantages of using such an element are not

fully realized for this application.

Forces cannot be applied directly to the body ekéhshell elements. To apply truck
loads to any location on the surface of the dec&orsistent nodal loads procedure

was implemented in Tcl to evenly distribute theseybforces to the nodes of each
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element; modification of th®penSees source code is avoided with implementation of
this Tcl procedure. Typically, element shape fumtdi also interpolation functions in
most FE texts, are used for this force distributiéor the 4-node shells, this requires
the solution of simultaneous equations each tinbedy force is applied to the shell
element. Although this can easily be implementethiwithe Tcl script, to increase
computational efficiency, a different approach \@asumed which avoids the solution
of simultaneous equations. The adopted procedurased on standard trigonometric
equations. The load location is projected to eadd sf the element and the enclosed
area, adjacent to each node, is determined. Tha iardivided by the entire element
area, multiplied by the body force and then applieethe node diagonally opposite the
original node. Fig. 2.3 shows this distribution ®onode and Fig. 2.4 shows the entire
Tcl procedure which utilizes a nodal lookup for leaelected element number. The
element number subject to the applied load is presly determined in the Tcl script

from global coordinates of the loads and elements.
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3
(X3,Z3)

“cK” from CNL
procedure in Fig. 1.4
applied to node 3
using A; defined by
the given vectors

Fig. 2.3: Geometry for load distribution at a single node.

proc Cnl {elem Xp Zp} {
set nodes [eleNodes $elem]
setj1
foreach node $nodes {
set X($j) [nodeCoord $node X]
set Z($j) [nodeCoord $node Z]
incr j
}
foreach {1j}{12233441}{
set rv($1,8)) [expr abs((($Xp-$X($1)*($X(8))-$X($1)))+(($Zp-3Z($1))* ($7Z($))-$Z($1))))]
set rv($],81) [expr abs((($Xp-$X(8)))* ($X($1)-$X($))))+(($Zp-$Z($))) *($Z($1)-$Z($)))))]
set v($1,8)) [expr pow(($X(8))-$X(81)),2)+pow (($Z($))-$Z($1)),2)]
set v(3),$1) [expr pow(($X($1)-$X($))),2)+pow (($Z($1)-$Z($))),2)]
set vxu($1,$)) [expr abs((($X(8))-$X($1))*(3Zp-$7Z(81)))-(($Z($))-$Z($1))* ($Xp-$X($1))))]
set vxu($,31) [expr abs((($X($1)-$X(8)))*(3Zp-$Z($))))-(($Z($1)-$Z($)))* ($Xp-$X($)))))]
}
foreach {17k} {12423134241 3}
set A$1 [expr
(((Brv($1,$))/$v($1,$)))* $vxu($i, $))+(($rv($1,8k)/$v($1,$k))*$vxu($i,$k)))/2]
}

set Atot [expr $A1+$A2+$A3+$A4]
set cl [expr $A3/$Atot]
set cJ [expr $A4/$Atot]
set cK [expr $A1/$Atot]
set cL [expr $A2/$Atot]
return "$cl $cd $cK $cL" # Fraction of Load Contribution to Nodes

}

Fig. 2.4: Consistent nodal loads procedure.
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The girders, diaphragms and bent caps are modetedosce-based formulated frame
elements with six degrees of freedom. The advastafi¢his nonlinear element are
not fully realized for an elastic analysis, butist the best available element in
OpenSees which reserves the ability to record shear and erdrforces directly at any
integration point where, for the bridge model, @meér-elastic constitutive model is
assumed. This feature is invaluable to efficienplgst-process the data. Also,
variations of section dimensions, as with tapenredamnched girders, can be captured
through definition of the geometric properties lo¢ lement at each integration point
within a single element. This alleviates the needliscretize the girder elements to
fully incorporate the geometric variation of a tapm haunch. The savings in
discretization is also observed in the shell eleseas the lengths of the girder
elements are synonymous with the dimensions o$lied elements along the plane of
interest. That is, girder element lengths are \eent to shell element longitudinal
width; diaphragm and bent cap element lengths qualeo shell element transverse
width. This ensures the nodes of the frame elemamiisthose of the shell elements
are on equal planes for proper connectivity. Fig. shows an example of this in the

transverse direction.

To connect the different element types, rigid bdiaks are used to ensure composite
action of the deck, girders and diaphragms, ord€eltte connection of these links is
defined by a master node and a slave node. Théad&pent of the slave node is

constrained to that of the master node. The as®ghmf either node as master or
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slave is inconsequential in terms of system belaexcept that an otherwise
restrained node must be assigned as a master Abd#geck nodes are designated
slave nodes; girder and diaphragm nodes are déstymaaster nodes except at the
intersection of the girders and diaphragms or loaps. At the intersection of the
diaphragm and girder, the girder node acts as #tenand the diaphragm node is a
slave. This ensures proper restraints on the @irds is commonly required at a
bridge abutment where the supports are at the rgirde. At intersections of the
girders and the column supported bent caps, the abthe bent cap is assigned as the

master. Refer to Fig. 2.1 for the rigid link détait these interaction locations.

Variable Definition

The generalized bridge model was encapsulated Tiol acript and setup such that
only a few variables, specific to each bridge, raquired to be entered by the analyst.
The entire bridge model is defined by these vaembllhey include the following:

girder and diaphragm dimensions, deck thicknesan dpngths, girder spacing at
bridge ends and main spans, location of diaphragkesy angle, overhang distance,
and girder and deck constitutive properties. Figp 2hows some of the common
bridge components and details of the variables;. Appgisplays the variables within

the Tcl script.
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Diaphragms
/ ($Xbeam) Bent Cap

e . - . . " g
s / O irder
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Plan

-~

Overhang

($OH) ( \
B ‘\ Girder Bent Cap IS
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Elevation of Section
at Bent Ca

Fig. 2.5: Diagram of bridge components and Tcl variablesufar entry.

The longitudinal length of each element must becifipd along with the number of

divisions of the shell elements between girders @mdhe overhangs. This allows for
simple discretization of the model. Also, the astlgefines the loading scenario by
setting the variables which define the truck typer example, variables such as
longitudinal and horizontal spacing between thestof the truck and the magnitude of
each tire load allow the user to specify an HS-26tber design truck. In conjunction,

the analyst assigns the number of trucks to apptlythe spacing between them. The

analyst also reserves the ability to set the seatiointerest for the load application.
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Alternative to specifying truck loadings, the arstlgan set elements of interest and

create influence surface plots.

The creation of the surface plots and values ferdinder distribution factors requires
some post-processin@penSees contains an assortment of recorder objects whach ¢
be set to monitor various items of interest dummganalysis. The post-processing is
achieved with the use of the Tcl language by wgitio aMatlab compatible file for

evaluation of the bridge analysis.

Model Verification

To verify the accuracy of the generalized modelpavergence study was performed.
A two span continuous reinforced concrete bridge saected with arbitrary girder
dimensions and span lengths. The bridge had spagthte of 15.2 m (50 ft) with four
girders spaced 2.4 m (8.33 ft). Diaphragms weratéxt at quarter points of each span.
The deck was 152 mm (6 in) thick and did not oveghbeyond the exterior girders.
The girders, diaphragms, bent caps were all 12194&m) deep and 305 mm (12 in)
wide. An elastic modulus of 27.6 GPa (4000 ksi) wasd with a Poisson’s ratio of
0.2. The bridge was analyzed with five differemidgudinal element lengths of 152,
305, 406, 610, 813, and 1219 mm (6, 12, 16, 24aB@,48 in, respectively). The shell
elements modeling the deck were equally dividecagsume similar shell element
lengths in the horizontal direction. In the saméeorof the stated element lengths, the

number of shell elements associated with each maréed600, 2496, 1440, 672, 360,



16
and 192; the number of beam elements in each navdel232, 632, 482, 332, 241,

and 182, respectively.

To verify the model, a 61.78 kN/m (13.88 k/ft) litead was evenly distributed across
the full width of the deck at the middle of thesfispan. The vertical reactions at the
near side supports were recorded and summed togetherder to compare the
reaction to a closed-form solution of a two-dimensil two span continuous beam
with an equivalent 444.8 kN (100 k) point load apglat the middle of the first span.
The closed-form support reactions were determimenh fstandard structural analysis
techniques for a two-span continuous prismatic bedrare the reaction at the end
support of the first span is evaluated as 13/3thefapplied load. The closed-form
solution is shown in Fig. 2.6 with the applied loggd and support reactions. This
initial load was removed and a subsequent loadalegqumagnitude, was applied at the
center of the second span in order to compareirtie required for the application of
additional loads. The second applied load servesinmlate subsequent truck loads
applied to the model which do not require the faiatian and solution of the stiffness
matrix as is required with the first applied lo&dr each of the two applied load cases
the time is set relative to the bridge model coneposf 1219 mm (48 in) elements.
Plots of the convergence study and the relative tassociated with each analysis are
shown in Fig. 2.7. The values from the finite elam&nalysis do not converge exactly
to the closed-form solution. The three-dimensidimate element model may transfer

load differently due to transverse bending anded#ht support conditions with



17
restraints located only at girders and not acrbssentire cross-section. From the
study, it was determined that an element lengtivéet 610 mm (24 in) and 305 mm
(22 in) will produce valid results. The elapsed dimof an analysis for an element

length of 152 mm (6 in) is much too large to jusfiirther discretization of the model.

444.8 KN

Support of
interest

15.24 m >>‘T4 15.24 m

180.7 kN 305.8 kKN -41.70 kN

Fig. 2.6: Two span continuous beam structure for model etifon.
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Fig. 2.7: Convergence of the summed reaction of bridge ggrde
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Summary
A generalized 3-D FEA bridge model was created Use in OpenSees and was
designed for the purpose of analyzing girder livad distribution factors to assist in
bridge rating. The bridge model characteristicsliated below for reference:

* The model is made up of shell elements for the diakne elements
for the girders, and rigid beam links connectingseh two element
types.

* Using the Tcl scripting language, a loading procedwuas created to
simulate the live-load exerted by moving truck leatross the bridge
deck in order to develop an adequate design enedtomnalysis.

 The model exhibited adequate convergence to a fegbcsupport

reaction at an element length less than 610 mnn{(24
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Chapter 3: Validation of a Generalized 3-D Finite Element Bridge Model

Objective

In chapter two, a generalized three-dimensionalefierlement bridge model was
created for use iDpenSees. It was created for accurate and efficient bridgeng
with the determination of girder distribution fargoin concrete bridges of regular
geometry. Validation and testing of this model ée@ssary in order to assess its actual
performance and capabilities and to determine pipdicability of OpenSees to three-
dimensional bridge modeling for live-loads. Thisdgmpleted through a previous
comparison study of bridges with a collection @idi measured data to results from

finite element modeling of these bridges.

Using the generalized model, the shear girderiddigion factors for two individual

bridges are evaluated at specific sections suliget¢he bridge instrumentation and
finite element analyses of a previous study. Atiecomparison of the results, the
bridges’ overall controlling distribution factorseadetermined and compared to the

specifications in AASHTO LRFD (2003).

Description of Bridges

The two bridges selected for this study were théaniette River Bridge located near
Newberg, Ore. on Highway 219, and the McKenzie RiBedge located in Lane

County, Ore. on Interstate 5. The actual load ihstion of these conventionally
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reinforced concrete bridges was calculated withobection of field test data and
compared to a finite element analysis in Potisult Bilggins (2007). Their regular
geometry, combined with the availability of exigfinlata for these bridges, makes
them ideal for testing the validity of the genezad finite element model. Refer to

Higgins et al. (2004) for the bridges’ structuredwings.

The Willamette River Bridge consists of three edeabth spans of 16.76 m (55 ft).

The first span is simply supported and has fivdags that are 368 mm (14.5 in) wide
with an 1194 mm (47 in) depth. The following twoasp make up a continuous
section which consists of four girders with a 330 {13 in) width and 1194 mm (47

in) depth. These continuous spans are joined applosted by a 419 mm X 1727 mm
(16.5 in X 68 in) bent cap above two 762 mm (30dqgpare columns at the outer
girder lines. The simply supported ends of thisticwous section have 203 mm X 762
mm (8 in X 30 in) diaphragms. At the quarter poiatseach of the three spans, the
diaphragms are 229 mm X 1143 mm (9 in X 45 in). Bhdge is topped with a 152

mm (6 in) deck. Fig. 3.1 shows a plan view of thiede layout and elevation views at

the bent cap location of the continuous section.
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Fig. 3.1: Willamette River Bridge layout (all units in mitieters).

The McKenzie River Bridge is a four span bridgehwane simply supported span and
three continuous spans all with 15.24 m (50 ft)gtes. Like the Willamette River
Bridge, diaphragms are located at quarter poinesach of the four spans and are 229
mm X 1016 mm (9 in X 40 in). The simple span hasg fgirders each with 330 mm X
1067 mm (13 in X 42 in) cross-sections. The foudgjis of the continuous spans have
a depth of 1067 mm (42 in) and a width of 330 mmB ifI) near midspan but taper
between the near diaphragms and continuous sufquations to a 508 mm (20 in)
width at the bent cap. The bent caps are 419 mn7538 Inm (16.5 in X 69 in) and

supported by 508 mm (20 in) square columns at titer @irder lines. The deck is 152
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mm (6 in) thick. Fig. 3.2 shows a plan view of tiredge layout and elevation views at

the bent cap location of the continuous section.
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Fig. 3.2 McKenzie River Bridge layout (all units in millimas).

Field Testing/Previous Analysis

Potisuk and Higgins (2007) give a full descriptiohthe field testing and bridge
inspection procedure. In general, displacementsthacers and strain gauges were
installed at specific locations on the two bridgéke response was recorded for a
passing truck at a creep speed of 8 km/hr (5 mwith known loads applied at

discrete transverse locations. A compressive stineofy31.0 MPa (4500 psi) with a
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standard deviation of 7.34 Mpa (1,065 psi) was neet from concrete cores taken
from the Willamette River Bridge. The elastic magkilwas calculated as 26.4 GPa
(3823 ksi); a Poisson’s ratio of 0.2 was assuméesé& material properties were used

for all bridge analyses in Potisuk and Higgins (200

From the strain gauge data collected at the insnted locations, shear distribution
was determined for one and two lanes loaded basd¢deomaximum strain response
in a girder at a given section divided by the tatahin response of all girders at that
section. The distributions were determined for haterior and exterior girders. The

effect of the test truck in various lanes was supeosed to develop the multiple lane
loaded distributions and included multiple presefactors from the AASHTO LRFD

(2003) specification. Shear distribution factorssdmh on formulas from the same

specification were also determined in the study.

A finite element model was developed to compare different methods used for
calculating distribution factors. As discussed e tsecond chapter, the model
consisted of shell elements for the complete giadet deck assembly. The element
size was set to 279 mm (11 in) in each directiohe Tomparative results of the
controlling distribution factors from the Potisuknda Higgins (2007) study are
summarized in Table 3.1, where it is noted that AA® LRFD (2003) results are

more conservative for all cases.
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Table 3.1: Summary of results from Potisuk & Higgins (2007).

Distribution Factor

Bridge Section AASHTO LRFD Field Data P&H FE

Interior McKenzie (contin.) 0.884 0.330 0.660
girder McKenzie (simple) 0.884 Not Recorded 0.624
Willamette (contin. 0.861 0.540 0.734

Exterior McKenzie (contin.) 0.900 0.830 0.814
girder |McKenzie (simple) 0.900 Not Recorded 0.812
Willamette (contin.) 0.923 0.460 0.846

Model Setup

The generalized three-dimensional finite elemertgar model developed i@penSees
was used to analyze the continuous section of thikamétte River Bridge and,
separately, the simple span and continuous spaioiecf the McKenzie River
Bridge. All three models ignored the added thicknethe curb and rail sections on
the overhangs. The thickness of the overhangs radatonsistent with that of the
deck at 152 mm (6 in). The overhang length for\Widamette River Bridge was set
to 1372 mm (54 in) from the centerline of the em&trgirders. For the McKenzie
River Bridge, assuming the curb and rail were mgglie contributors to the structural
system, the length was set to 762 mm (30 in). Tigatdaper in the girder widths was
ignored for simplicity assuming it will not sigreantly affect the distribution of forces
along the girder. All other bridge dimensions wamgut consistently with the bridge
geometries given in the description of bridgesieactSee App. A for an example of

the Tcl variable input of the continuous sectionhed Willamette River Bridge.
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The element lengths were set at 305 mm (12 in)relmeere eight shell divisions
between girders in the Willamette River Bridge magleing an element width of 318
mm (13 in); the overhangs were divided into fouwtems giving an element width of
343 mm (13.5 in). The Willamette River Bridge modminsisted of 3584 shell
elements and 664 beam elements. The shell elerfeertse McKenzie River Bridge
overhangs were divided into three sections giviBf &xm (10 in) elements and the
shells between the girders were divided into nipgaéelements giving a width of 305
mm (12 in). The model of the continuous portiontiké McKenzie River Bridge
consisted of 5148 shell elements and 983 beam alsntbe model of the simple span
had 1716 shell and 343 beam elements. The girderalf models were vertically
restrained at bridge abutments and all columns wassumed fixed at their

foundations. Fig. 3.8hows arOpenSees display of the finite element bridge models.
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Willamette River Bridge
(2-span continuous)

cKenzie River Bridge
(simple span)

McKenzie River Bridge
(3-span continuous)

—T 1

Fig. 3.3: FE bridge models with caption of applied boundamyditions.

Model Validation/Comparison

To compare the model to the results from Potisuldl &figgins (2007) and the
AASHTO LRFD (2003) specifications, an HS-20 desiguck was used for the
analysis procedure with the distance between theades set at the minimum value
of 4.27 m (14 ft). Shear girder distribution factowere determined at the same
locations of interest for both the interior andezidr girders of the bridge models.
These longitudinal locations are distanced an gffedepth away following the first
encountered bent cap of the continuous sectionsf@luving the first abutment of
the simple span section of the McKenzie River Beid@he locations are noted

previously in Fig. 3.1 and 3.2.
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The truck loading procedure was selected in theeigdimed model and an HS-20
design truck was applied transversely across thecteel longitudinal locations in
order to determine the shear girder distributiastdes. Cases for one lane loaded and
two lanes loaded were considered separately. Thatieq for calculating distribution
factors from the finite element analysis is showrEgn. 2.1 in the first chapter. This
equation is used in Potisuk and Higgins (2007) &albish and Tabatabai (2001). For
readability it is again shown as

N yfm

n

Zfi

i=1

GDF =

(Equati®ni)

where N=number of lanes loadeg;multiple presence factor (1.2 for N=1; 1.0 for

N=2); f,=maximum girder response (requisite response fearsbr moment);

n
Zfi =sum of response of all girders at the associateskesection.
i=1

The transverse loading domain was bounded by anmimi distance of 305 mm (12
in) between the inside of the curbs and the nearsid as shown in Fig. 3.1 and 3.2.
This bound also considered a possible controllistpdce of 610 mm (24 in) between

the inside of the railings and the nearside tiegllo

The shear girder distribution factors of the digeitecations, evaluated with the
generalized model, closely match the previous te$tdm Potisuk and Higgins

(2007) and are shown in Table 3.2.
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Table 3.2: Shear GDF comparison with Potisuk & Higgins (20BE)analysis.

Distribution Factor

Bridge Model P&H FEM FEM % Difference
McKenzie (contin.) 0.776 0.812 4.4%
One lane o
loaded McKenzie (simple) 0.761 0.744 -2.3%
Exterior Willamette (contin.) 0.842 0.802 -5.0%
Girder McKenzie (contin.) 0.814 0.815 0.1%
Two lanes o
loaded McKenzie (simple) 0.812 0.749 -8.4%
Willamette (contin.) 0.832 0.839 0.8%
McKenzie (contin.) 0.491 0.574 14.5%
One lane o
loaded McKenzie (simple) 0.553 0.575 3.8%
Interior Willamette (contin.) 0.461 0.528 12.7%
Girder - -
0,
Two lanes McKenz!e (c_ontln.) 0.660 0.698 5.4%
loaded McKenzie (simple) 0.624 0.712 12.4%
Willamette (contin.) 0.734 0.660 -11.2%
AVG 2.1%

Note: Bold indicates the controlling factor of each analysis for the interior and exterior

In most cases, the distribution factors of the galimed model with frame and shell
elements are somewhat more conservative than trmsethe results of the complete
shell model of Potisuk and Higgins (2007), espécifdr the interior girders. The
difference between the interior and exterior girdistribution factors is likely due to
considerations of the added curb thickness. Thikless was ignored for the analysis
with the generalized model, but was included inRlaéisuk and Higgins (2007) shell
model. The added thickness of the curb would stiffee exterior of the bridge cross-
section and redistribute load from the interiorth@ exterior girders. The overall
conservative results emphasize a stiffer modeizirid a combination of frame and
shell elements as was noted in a comparison studair and Amin (2006). In the

study, they compared the girder reaction resutismfa full-scale slab-on-girder test
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bridge to results from three different finite elevhemodels with the following
modeling schemes: shells for the deck and framenesiés for the girders, shell
elements for the girders and deck, and solid elésrfen the deck with frame elements
for the girders. The researchers noted that alletsodere within 4% of the measured
and test data and the frame and shell model awéralyghtly more conservative

results.

Controlling Distribution Factors

The controlling girder distribution factors congiag the entire bridge, as is required
for bridge ratings, were sought for comparisonh® tesults using distribution factor
equations specified in the AASHTO LRFD (2003). Hhear distribution factors were
determined in Potisuk and Higgins (2007); to supget, the controlling moment

girder distribution factors were determined fromHIR section 4.6.2.2.2 combined
with the factors previously equated from the lexdle and “pile cap” equations in

Potisuk and Higgins (2007). The moment girder thistion equations for two lanes
loaded in Table 4.6.2.2.2b-1 of AASHTO LRFD (200&re found to control for the

interior girders of both bridges; moment distriloatifactors for the exterior girders
were controlled by the “pile cap” equation for thMleKenzie River Bridge and by the
lever rule for the Willamette River Bridge as wag ttase for the shear distribution

factors.
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All three bridge sections were analyzed again wlith HS-20 design truck applied
across the entire bridge at specified longitudaral transverse increments in order to
capture the maximum girder response. Different giesrucks can be used at the
analyst’s discretion for a more in depth analydithe maximum response, but the
HS-20 design truck was used for all analyses farsistency. Also, applying loads
across the entire area of these symmetric bridgest always necessary; the analyst
can apply the truck loads at discrete locations revhiithe maximum response is
anticipated. For this example, the truck loads wagplied to the Willamette River
Bridge in 141 longitudinal increments of 300 mm .@Lin) for each of 21 horizontal
increments of 335 mm (13.2 in) for one lane loaded 183 mm (7.2 in) for two lanes
loaded. The loading over the McKenzie River Bridgas divided into the same
number and size of horizontal increments, but wihcontinuous portion divided into
191 longitudinal increments of 284 mm (11.2 in) dhd simple section divided into
81 longitudinal increments of 297 mm (11.7 in). Tto#al time for each of the
analyses in the same order was 1002, 1975, ancs@88hds; the average time per
applied load was 338, 492, and 176 millisecondgeetively. The analyses are run on
a Dell desktop computer with a 3.0 GHatel Pentium 4 processor and 1.0 GB RAM

on aWindows XP operating system.

The controlling shear girder distribution factorsere recorded just past each
continuous support and before the end abutment.gféetest distribution factors for

the interior girders occurred near the abutment, tba controlling factors for the
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exterior girders occurred after the first continsi@upport of both continuous bridge
models as indicated in Table 3.3. The distributiactors for the positive moment
were recorded at the center of each span. Thespest of the Willamette River Bridge
and the center span of the McKenzie River Bridgaratled with the highest resulting
factors. Negative moment distribution factors weeeorded over the continuous
supports. The first support of the McKenzie RivetidBe produced the greatest
distribution factor. Single lane loaded and twoeldmaded cases were considered with
the application of appropriate multi-presence fectd@ he resulting girder distribution

factors for shear and moment are summarized ineTaBl.

Table 3.3: Generalized FEM girder distribution factors.

Distribution Factor

Bridge Model Shear Pos. Moment Neg. Moment
McKenzie (contin.) 0.812* 0.624 0.880
Orne lane - -
loaded McKenzie (simple) 0.777 0.54
Exterior Willamette (contin.) | 0.802* 0.586 0.866
Girder McKenzie (contin) | 0.815* 0.768 0.980
Two lanes - -
loaded McKenzie (simple) 0.749 0.748
Willamette (contin.) 0.839* 0.747

McKenzie (contin.) 0.595 0.389
One lane : .
loaded McKenzie (simple) 0.587 0.320
Interior Willamette (contin.) 0.572 0.381 0.459
Girder McKenzie (contin) | 0.732 0.606 0.651
Two lanes - :
loaded McKenzie (simple) 0.723 0.603
Willamette (cortin.) 0.710 0.587 0.606

Note: Bold indicates the controlling factor of each analysis for the interior and exterior

* indicates value calculated at first interior support
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The controlling girder distribution factors fromethesults of the generalized bridge
model are compared to the results from the AASHTRFD (2003) equations in
Table 3.4. The factors determined with AASHTO LREIO03) are generally more
conservative than those found with the generalizexdiel except for the negative

moment distribution of the exterior girder.

Table 3.4: Controlling girder distribution factor comparison.

Distribution Factor

Bridge Model AASHTO LRFD FEM
McKenzie (contin.) 0.900 0.815
Shear McKenzie (simple) 0.900 0.777
Willamette (contin.) 0.923 0.839
. . McKenzie (contin.) 0.900 0.768
Exterior Positive . imol 0.900 0.748
Girder Moment M(?Ken2|e (simp g) . 74
Willamette (contin.) 0.923 0.747
. McKenzie (contin.) 0.900 0.980
oo || Mekenzie (simpie) N N
Moment c enzie (S|mp_e)
Willamette (contin. 0.923 0.978
McKenzie (contin.) 0.884 0.732
Shear McKenzie (simple) 0.884 0.723
Willamette (contin.) 0.861 0.710
. . McKenzie (contin.) 0.821 0.606
Interior Positive . imol 0.82 0.603
Girder Moment M(?Ken2|e (S|mp§) .821 .
Willamette (contin.) 0.822 0.587
. McKenzie (contin.) 0.821 0.651
women, | Mekenzie smpic) I
Moment c enzie (S|mp_e)
Willamette (contin.) 0.822 0.606
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Summary

Shear girder distribution factors, computed frora gfeneralized finite element model
developed witlOpenSees, were compared to results from the finite elemeotedure
in Potisuk and Higgins (2007). Specific sectionghd Willamette River Bridge and
the McKenzie River Bridge were analyzed. This congo@ study enabled a
validation of the generalized bridge model and uke ofOpenSees for further live-
load analyses. The computed shear girder distdbufiactors matched closely, but
were typically more conservative than the shell edad Potisuk and Higgins (2007).
These results were consistent with the findingsnfiarevious research by Barr and
Amin (2006) where it was found that complete shmbidels were slightly more
flexible than frame and shell models and thus, nemenly distribute load across the

bridge cross-section.

Following the model validation, both bridges weralgzed in order to compute the
controlling girder distribution factors for both ment and shear. These distribution
factors were compared to the factors determinett wie AASHTO LRFD (2007)

specification. The LRFD factors were much more eovetive than those found with
the generalized finite element bridge model in neetes. The distribution factors
determined with the finite element model for theyate&ve moment in the exterior

girders were greater than the LRFD factors. Becatiiee generally conservative and
the occasional un-conservative behavior of the AASH.RFD (2003) equations, a

more refined analysis, such as with the finite @etrmethod, may be desired by the
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bridge analyst in order to achieve a higher prenidor bridge rating and a more

economical design.

A considerable hindrance to employing the finiteneént method for a refined
analysis is the time required to create and analydevidual bridge models. The
efficiency of the generalized 3-D bridge model énmis of computational effort and
model setup, combined with its reasonable accuerophasizes the anticipated use of

such a model — to efficiently and accurately ratddes.
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Chapter 4: General Conclusions

The generalized three-dimensional finite elementdar model created for use in
OpenSees was verified and comparatively validated for shéiae-load girder

distribution factors against previously studied \eamtionally reinforced concrete
bridges. The model was also used to determine slmshmoment distribution factors
of the same bridges which were compared to thagekition factors calculated with

the AASHTO LRFD (2003). The LRFD factors were founde mostly conservative.

The efficiency of the generalized model in bothdge definition and analysis time
combined with its accuracy makes it an appealirgd tor use in analyzing a wide
range of bridges of typical geometry in order teesgs and rate them. The Tcl scripting
language used wittDpenSees enables a highly adaptable model defining all the
geometric and material properties along with theding procedure. These variables

can be easily adjusted to suit the scope of theipated research.

To improve the range of applicability of the getieead model the following studies
are suggested for future research:
* Validation of the model through analysis of skewedriable width,
and curved bridges
* Non-linear material and/or geometric properties ¥arious loadings

such as seismic, wind, and impact.
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Appendix A: Tcl Input for the Willamette River Bridge

# LOADING TYPE SELECTION

set Loading 1 ;# Select whether to use Truck Loading (Enter: 1) for GDF's or Point Loads
(Enter: 2) for Influence Surface Plots
if {$Loading == 2} {
set matlab [open InfLine.m w]
} elseif {$Loading == 1} {
set matlab [open Bridgetemp3.m w]
}
puts $matlab "close all;"
puts $matlab "clear all;"

# Variables Defined by User

B
# Span Definition (input span lengths)
set Lspan {660.0 660.0} ;# Input consecutive span lengths (in)

set Nspan [llength $Lspan] ;# Number of Spans

# Span Definitions (set element length)

setl 12.0 ;# Element length (longitudinal)(in) (include decimal to avoid
integer division)

setsn 8 ;# Transverse shell divisions between girders

set Ng 4 ;# Number of girders

# Diaphram Locations (Transvers Beams Connecting Girders)
# Enter as decimal of proportion of span (i.e. diaphragms at quarter points of span, 0.25)
set Xbeam {0.25 0.25} # Subsequent spans (enter 1.0 for no diaphragms)

# End Restraints
set fixity 1 ;# (1 — Pinned; 0 — End Cantilevers)

# Girder Spacing Definitions (Approach(X=0) and Exit(X=Ltot))

set Sa 104.0 ;# Approach Girder Spacing (in)
set S 104.0 ;# Girder Spacing (in)
set Sx 104.0 # Exit Girder Spacing (in)

# Skew Angle (Applicable only with Sa=Sx=S)
set skw 0.0 ;# Angle positive clockwise from Z-axis (degrees)

# Overhang Definition

set OH 54.0 # Deck overhang (in)
setsno 4 # transverse shell divisions on overhang
# Main Deck Definitions

sett 6.0 ;# Deck thickness (in)
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# Girder Dimensions

setb 13.0 # Width (in)

setd 47.0 # Depth (in)

# Diaphram Dimensions

setbx 9.0 # Width (in)

set dx 45.0 # Depth (in)

# End Bent Cap Dimensions

set bce 9.0 # Width (in)

set dce 30.0 # Depth (in)

# Interior Bent Cap Dimensions

setbei 16.5 # Width (in)

set dei 68.0 ;# Depth (in)

# Material Section Properties

set E 3823.0 # Modulus girders (ksi)
set Ed 3823.0 ;# Modulus deck (ksi)
set nu 0.2 :# Poisson's ratio deck

set G [expr $E/(2*(1+$nu))] # Shear Modulus girders (ksi)

# Column Locations and Properties

set Colloc {1 00 1} # (columns @ girder in order from Z=0, enter 1 for col. loc. @
girder, O for no col.; requires entry for all girders)

set ColLint 442.0 ;# Length of Columns (in.)

set Ec 3823.0 ;# Modulus of Columns (in.)

set Iex  67500.0 ;# Moment of Inertia of cross-sect. (in4) (local axes consistent

with global axes)
set Iez  67500.0
set Ac 900.0 ;# Area of cross-sect. (in2)

# Loads

# Truck Definition
set axlwts {8.0 32.0 32.0}  ;# Axle weights (k.)
set axlspc {0.0 168.0 168.0} ;# Axle spacing (in.) (for multiple trucks in line, enter as
additional axles)
set axlwdth 72.0 # Tire width (in.)
set TrkSp {} # Truck Spacing - Set distance between near truck tires of adjacent
trucks (no entries for "one lane loaded")

# Loading regions (Enter regions of interest. All Axles will pass through(all tires) X
domain and remain within the Z domain)
# Initial Load Location (front right tire headed from X>0)
set Xloc {0.1 1319.9 140.0}  ;# X Loading Region (Enter: "first point" "last point"
"number of divisions")
# Initial Load Location (right tire starting from Z>0)
set Zloc {42.0 378.0 20.0} ;# Z Loading Region (Ignore truck width)(Enter: "first point"
"last point" "divisions" NO REPEAT






