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ABSTRACT

Steel box girders are inspected petiodically by maintenance crews who walk or crawl through
the inside of the girders searching for signs of corrosion or damage. The intetior of the box,
which can be dangerous because of unusual temperatures and poor ventilation, is reached
through access hatches that are usually provided in the bottom flange immediately before or
after an expansion joint. These locations are chosen because 1) bending moments are small close
to the expansion joint and 2) the pier over which the expansion joint is located facilitates access;
inspection crews need only a ladder to reach the access hole. Nevertheless, the spans covered by
box girders are often long, and the girders are constructed as continuous segments over three or
more supports. Hence the distance between access hatches frequently exceeds the limit that
rescue ctews can reach in the event of an emergency. This situation has concerned safety
officials and has prompted the Florida Department of Transportation safety office to request the

construction of additional access holes in all existing box girder bridges.

This study looks into finding locations whete additional access holes can be placed in order
to decrease the distance between access hatches in existing bridges. Since new access holes
should not adversely affect the structural behavior of the bridge, local strengthening may be
necessary. With the strengthening option available, designers may freely choose the location of
access holes, generally to satisfy other critetia such as practicality or accessibility. However,
strengthening may be costly if the access hole is placed at a heavily stressed location. To
eliminate or reduce the amount of strengthening work needed for adding a new access hole,

minimally stressed locations are suggested.

Minimally stressed regions are identified through detailed elastic and inelastic finite element
analyses of 19 box girder bridges from the State of Florida inventory that are being considered
for rehabilitation. Many of the bridges under consideration are horizontally curved and are
comprised of steel U-shapes acting compositely with a reinforced conctete deck. Finding
appropriate locations for the placemen;: of access hatches in such bridges is complicated by the

hotizontal curvature and requires 2 thorough understanding of both elastic and inelastic



behavior of the structural system. A detailed finite element model is created from four node shell
elements and is used in a case study of one of the existing bridges. Material and geometric
nonliearities are included in the analyses which focus on the behavior and strength (both static
and fatigue) of the bridge. A smaller but more detailed shell element model is also used to
investigate flexural strength of a segment of the same bridge. In addition to the shell models, a
beam-column finite element model that accounts for warping is created. This model is
computationally more efficient than the shell models and is used in case studies of all nineteen
existing bridges. The force and moment envelopes due to dead and live load combinations

following AASHTO’s LRFD specifications are calculated and are presented in an appendix.

Based on the results of the finite element analyses, five different schemes are devised for
locating regions where additional access holes could be added without strengthening. The
construction sequence is considered in the analyses by adopting quasi-open section properties

for dead loads and closed section properties for live loads. The five schemes incorporate

different levels of interaction between normal and shear stresses and account for fatigue

considerations. Analysis results show that fatigue is an important factor in determining these
locations and should be carefully considered in vany evaluation, especially if welding in the
vicinity of the holes will be used. Based on the proposed schemes, suitable regions where access
hole can be Placed without additional strengthening are identified for each bridge. In addition to
bottom flange access holes, locations are also identified for placing openings in the webs.

Strengthening should be considered for access holes located outside the proposed regions.



INTRODUCTION

Motivation

On a regular basis, DOT petsonnel have to crawl inside box girdets for inspection purposes.
Access hatches are usually provided before and after an expansion joint where bending moments
ate at their minimums. The spans covered by box girders are often long spans, and the girders
are constructed as continuous girders over two or more supports. In many cases, the distance
between access hatches is likely to violate the recommended distance of 600 ft, which is the limit

that rescue crews can reach in the eventuality of an emergency (NIOSH safety standard).

A number of existing box girder bridges in District IV of the Florida Department of
Transportation do not satisfy the NIOSH recommendations for distance between access points,
which places workers inspecting the inside of the bridges at risk. This situation has concetned
the FDOT Safety Office and resulted in the Safety Office requesting the construction of
additional access holes in box girder bridges that do not satisfy safety standards. The additional
access holes must be constructed without compromising the structural integrity and safety of the
bridges. Due to lack of information about this topic, a reseatch proposal from the University of
Central Florida (UCF) was approved for funding by FDOT to investigate the problem and
provide recommendations that would help in identifying suitable locations for adding access

holes to existing box girder bridges.

Approach
It was evident from a review of the literature that not much information is available about

the behavior of curved box girder bridges. The effect of holes on the behavior of this type of
bridges could not be found in any published wotk. To overcome the lack of information in

depth studies were needed.

The problem was approached from an analytical point of view. Several models were

developed to understand the behavior of horizontally curved box girder bridges and the impact



of adding access holes on this behavior. Both elastic and inelastic analyses were performed. The
AASHTO-LRFD code was followed in determining some of the guidelines needed to conduct
the analyses. The goal of the study was, first to investigate the feasibility of adding access holes
to existing bridges, and second to reach an understanding of where these holes may be added.
To achieve the second goal, several schemes for determining hole locations were tested and

applied to existing bridges.

Otganization of the Report
This draft final report presents the wotk done through the project titled "Strategies for

Placing Openings in Curved Box Girders”. During the petiod of the project several progress
repotts were presented to FDOT. The report integrates the work reported in the previous

progress reports and summarizes the findings from this study.

The report is organized in six sections and three appendices. After the introduction section,
the literature related to the topic is reviewed. The following section describes the finite element
package chosen for the study. In this section, the verification study of the commercially
available package is reported. A separate section is devoted to describing the finite element
models used to conduct the analyses in this project. Two sections report the results of the
analyses performed using these models. The first describes detailed finite element analyses on
an existing bridge. This bridge was investigated using linear elastic and nonlinear inelastic
models. Effects of holes on the strength and fatigue aspects of design are presented in this
secion. The other analysis section reports a study on nineteen bridges. The study was
performed using 2 beam element model. These linear elastic analyses followed the AASHTO-
LRFD code in terms of loading and load factots. Finally, the section summarizing the findings
is given followed by a list of references. At the end of the report 3 appendices can be found.
The first of the appendices gives a theoretical background about the warping theory of closed

sections. The other two appendices provide the results of the beam element study on the

nineteen existing bridges.



LITERATURE REVIEW

The literature review has yielded more than 25 references (journal articles, reports, books,
...etc.) that deal with the behavior, strength, and design of curved steel box girders. Articles of
direct interest were reviewed thoroughly leading to a categorization of available literature into
two main groups. The first of these two groups deals with methods of analysis and design, while
the second addresses expetimental studies and the behavior of curved steel box girder. A
summary of the contents of these articles is given in the next sections. A list of these references

can be found at the end of this report.

1) METHODS OF ANALYSIS AND DESIGN:

DESIGN OF HORIZONTAILY CURVED COMPOSITE BOX-GIRDER BRIDGES: A
SIMPLIFIED APPROACH. (Chenng, M. S., Foo, S. H. C)
This paper presents results of a parametric study on the relative behavior of curved and

| straight box-gitder bridges. The authors also developed a simplified design method for the

combined longitudinal moment of curved bridges. The parameters considered were cross-

section, span length, radius of cutvature, and finally, types, location and magnitude of loads.

In order to establish a simple design aid for combined longitudinal moment of horizontally
curved bridges, a seties of curved and straight bridges with different configurations were
analyzed using the finite strip method. Stress distributions were plotted with respect to the span-
to-radius ratio (L/R), as the results of the study have shown that the structural behavior of

curved bridges is essentially governed by this dimensionless parameter (L/R).

Results were presented in the form of L/R vs. moment ratio plots for different variables.
Based on these results, the simplified method for the design of horizontally curved bridges with
simple suppotts was proposed, and a maximum subtended angle of less than 60°. Tables were
ptovided to determine the combined longitudinal moments of a simply supported curved

composite box girder bridge by means of multiplying the longitudinal moments of an equivalent
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straight bridge by the appropriate factors. It was also found that intetior girders as well as deep

box-girders are more sensitive to the degree of curvature.

REFINED ANALYSIS OF CURVED THIN-WALLED MULTI-CELL BOX GIRDERS.
(Ragagpur, A G, L H. G)
The main objective of this paper was to develop 2 curved thin-walled multicell box beam

- finite element which can model extension, flexure, torsion, torsional warping, distortion,
distortional warping, and shear lag effects. The theoty is based on the generalized Vlasov's thin-
walled beam theoty and finite element technique. In this paper the interaction between the

longitudinal and transverse deformations of the box girder was also studied.

Since the proposed element is essentially a one-dimensional beam model, the required
computer resource will be small compared to the standard finite element technique, and thus it
can be easily implemented on practically any microcomputer. The element stiffness matrix and
nodal load vector will be derived first based on the degtees of freedom (DOFs) of three nodes.
A static condensation technique is subsequently used to eliminate the internal DOFs. To
demonstrate the accuracy and versatility of this theoty, vatious examples for different types of
box girder bridges were presented, and the results were compared to the experimental model
studies or to the alternative numerical method by other researchers. Numerical examples show

that the stresses and displacements are in good agreement with results of shell finite element and

finite strip analyses.

AN IMPROVED HORIZONTALLY CURVED BEAM ELEMENT. (Hs, Y. T, Fy, C. C, Shelling,
D.R)

The authors of this paper proposed the use of an improved horizontally curved beam finite

element to include a true watping degree of freedom.

The capability of the stiffness matrix of a horizontally curved beam element has been
demonstrated. It was shown that the developed stiffness matrix is especially effective and faitly

accurate for analyzing a horizontally curved bridge. The variational method was used to

formulate the stiffness matrix in an explicit form.

11



In order to verify the validity and accuracy of the suggested curved beam element, a
computer program was developed. An example girder, analyzed by Brookhart using a closed
form solution, was analyzed using the program. The results from this theory show excellent
agreement with those obtained by Brookhart. Also, the proposed stiffness matrix for the curved
beam is valid for both open and closed sections as long as the curved girders are modeled as

curved beam structures.

METHODOLOGY FOR IMPACT FACTOR OF HORIZONTALLY CURVED BOX
BRIDGES. (Galdos, N. H., Shelling, D. R., Sabin, MA)
In this paper, a method to determine the dynamic impact factor of horizontally curved steel

box gitder bridges is proposed. The two-dimensional planar grid method was used for modeling
curved box girder bridges to investigate the dynamic behavior, under truck loading. The authors

used the DESCUS II computer program for the modeling of curved box bridges.

The bridge samples used here comprise four idealized composite curved box girders.
Comparison of typical solution responses of different girders for maximum absolute moment
and maximum absolute torque were studied. The mode superposition method, the direct
integration method, and a static solution were utilized. The bridge behavior under moving

vehicles was observed by calculating the dynamic increment factor (DIF).

AASHTO recommends that curved bridges be analyzed as a system such that maximum
forces or stresses are searched to predict critical loading cases. As a result, DIFs are to be
calculated for each loading case and truck loading path. So there will be several sets of DIFs for

different circumferential paths for each loading case.

Alternate impact factor critetia are proposed. The criteria are correlated with the maximum
static effects as opposed to the classical ctiterion of selecting the maximum absolute impact-

factor values.

12



EVALUATION OF IMPACT FACTORS FOR HORIZONTALLY CURVED STEEL BOX
GIRDERS. (Shelling, D. R., Galdos, N. H., Sahin, M. A.)
The impact factors specified within the AASHTO "Guide Specifications for Hotizontally

Curved Highway Bridges"(1980) for steel box girder bridges are restrictive. They require a
rational dynamic analysis when the bridge under consideration falls outside the specification
critetia. So a comprehensive multivariant dynamic analysis was conducted for a data set of 288
horizontally curved steel box-girder bridges with radii, span lengths, and box configurations that

represent those on the national inventory.

The planar grid method was selected as the model to generate the results reported herein.
The stiffness method is applied to the analysis of the grid system with straight and curved
elements. The results from the grid model were compated to those given by finite element

models including SAP-IV and those developed by others.

The impact factors were obtained from the results of dynamic analyses of the contained in
the data set. These results are given as a function of the radii of curvature, the fundamental
natural frequencies, and the span length. The first fundamental frequency was found to be the
governing frequency for all bridges studied hetrein. The results of the impact analysis for
moment, torque, shear, reactions, and deflection are giv,cn as functions of the fundamental

natural freqliency.

FREE VIBRATION ANALYSIS OF CURVED THIN-WALLED GIRDER BRIDGES. (Huas, C,
Bezley, S. E., Huang, |.)
This paper includes 2 theory that incorporates a special treatment of warping in the free

vibration analysis of continuous curved thin-walled girder bridges. An additional degree of
freedom, which represents the effect of watping for cutved beam element with thin-walled

sections, was used.

The theory is based on the development of the flexibility matrix using the theory of strain
energy. Stiffness matrix is also formulated for a straight thin-walled element. Free vibration
analysis is described, and natural frequencies are examined to confirm that the derived theory is

accurate.
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The effects of vatious factors including warping, the noncoincidence of the shear center and
the centroid of the section, the flexibility of piers, and the radius of curvature are also discussed.
To compate the results of the theory, the free vibration analysis of two different cutved bridges
was performed. Finite element program SAP-IV was used for comparison. The calculated results

of the free vibration analysis compates favorably to results from other methods.

VIBRATION OF THIH-WALLED BOX-GIRDER BRIDGES EXCITED BY VEHICLES.
(Huang, D, Wang, T., Shabawy, M.) ,
The putpose of this study is to develop a procedure for evaluating the dynamic load of box-

girder bridges with one ot more vehicles passing over the rough bridge decks. The paper also
studies the dynamic characteristics of different types of responses of bridge with different
diaphragm arrangements due to vehicle movement over different classes of road surface

roughness with various speeds. Both warping torsion and distortion are considered in the study.

To predict the dynamic response of bridges to moving vehicles, the authors treat both
vehicle and bridge as mathematical space models. The finite element method of thin-walled
beams is used to determine the response of the box-girder bridges with variable depth,

deformable cross sections over supports, and intermediate diaphragms,.

The tresults obtained by the presented method are in good agreement with those calculated
using a folded-plate model as proposed by other authors. It is easy to obtain impact factors of
different types of stresses as well as different types of inner forces, such as bending moments,
torques, and bimoments. The meaningful impact factors used in bridge design are related to the

loading model, which can induce maximum static responses.

Further field tests are recommended. Also, there is no attempt to give the impact factors for

practical design in this paper.
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STRENGTH OF THIN-WALLED BOX GIRDERS CURVED IN PLAN. (Yabuki, T., Arizumsi, Y.,
Vinnakota, S.)
A numerical method for predicting the influence of local buckling in component plates and

distortion phenomenon on the ultimate strength of the thin-walled, welded steel box girders

curved in plan is proposed.

Loads causing torsional deformation in curved box girders lead to distortion of the girder's
cross-section. These distortions reduce cross sectional stiffness, which causes a reduction in the

ultimate strength of the girder.

A nonlinear finite element analysis is used to study the nonlinear flexural behavior of curved
girders. The effects of finite deformation, yielding of material under combined bending and St.
Venannt's torsion, unloading caused by stress reduction, spread of yielding, and residual stresses
due to welding are all taken into account in flexural analysis by a finite element method. Local
buckling of component plates and distortional watping is also considered. The effect of local
buckling can be evaluated by using either the effective width method or by adopting a modified

stress-stain curve allowing for local buckling.

Experimentally, 2 model segment of the girder is loaded gradually. The strains and

displacements were measured duting the experiment.

The analytical and experimental results show good agreement. The authors thus suggest that
the local buckling of component plates can be evaluated using the proposed stress-strain
relationship. This constitutive relationship can be incorporated into nonlinear analyses. Finally,
the authors suggest that use of transverse diaphragms considerably increase the ultimate strength

of the girder.

2) EXPERIMENTAL STUDIES AND BEHAVIOR OF STEEL BOX GIRDERS:

BEHAVIOR STUDY OF CURVED COMPOSITE BOX GIRDERS. (Arizumi, Y, Hamada, S
Osbiro, T.)
This paper investigates the distortional and slip behavior of simply-supported curved

*)

composite box girders on the basis of elastic analyses and static tests.
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Three test specimens wetre prepared for this study. Variable parameters included
intermediate diaphtagm spacing, the central angle, placement of shear connectors, and the width
of the extended concrete slab. The cross-sectional deformations have been calculated using three
different methods, namely the cutved beam theory, the distortional theory proposed by
Dabrowski, and the finite sttip method, including the effect slippage between the concrete slab
and steel girder.

The present analytical results of normal stresses based on the curved beam theory and the
distortional theory proposed by Dabrowski were found to be in good agreement with

expetimental results for all test girders.

STUDY OF A CURVED CONTINUOUS COMPOSITE BOX GIRDER BRIDGE. (Ng S. F,
Cheung M. S., Hachem, H. M.)
The objective of this study is to establish accurate experimental bridge response, which is

later used for checking the predictions by computer analyses for structures of this type. Also
obtaining sufficient data related to eccentrically loaded box girder bridges helps in establishing a

general trend of behavior.

For the experimental purpose a 1/24 linear scale model was studied. The experimental strain
data at a given load were the basis from which normal stresses were computed by using the
classical Hooke's law relation. In the analytical method, the ADINA program was used to study
the response of the bridge. Analytical predictions of both vertical displacement and normal
stresses at critical sections compared fairly well with those evaluated experimentally. The authors
finally conclude that the ADINA finite element program can be successfully utilized to predict

accurate elastic response of composite curved box girder bridges.

SHEAR DISTRIBUTION IN SIMPLY-SUPPORTED CURVED COMPOSITE CELLULAR
BRIDGES. (Sennab, K, Kennedy, J. B.)
In this paper, a parametric study on simply-supported curved composite cellular bridges is

conducted. The effect of key parameters (e.g. the cross-bracing system, aspect ratio, number of
lanes, number of cells, and degree of curvature) on the shear distribution of this type of bridge is

examined. The main goals of the parametric study was to: (1) investigate the influence of all

16



major parameters affecting the shear distribution between the webs; (2) generate a database for
shear distribution factors; and (3) develop empirical expressions for shear distribution factors for

AASHTO truck loading as well as for dead load.

Results from testing four simply-supported curved composites three-cell bridge models are
used to vetify and substantiate the analytical model. The data generated from the parametric

study is used to deduce expressions for the shear distribution factors for different loading

conditions.

The expetimental program involved the construction, instrumentation, and testing of four
1/12 linear scale three-cell bridge models. Each bridge model was tested elastically using a
simulated truckload. In the theoretical study, the finite element modeling was carried out using
the ABAQUS software. Shear forces in the webs wete detived for truck loading as well as for
dead load. Theoretical and experimental results agreed favorably.

Through this extensive study the authors have suggested an empirical formula for Shear

Distribution Factor, D..

3) OPENINGS IN GIRDERS:

The literature search did not yield any published wotk on the effects of openings on the
strength ot behavior of box girder bridges. A guideline for the design of steel and composite
beams with web openings (AISC-1990) could be found. However, it is limited to the design of
beams in buildings only, and hence cannot be applied to bridges, specially curved bridges.
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ANALYSIS TOOL

The finite element analyses were conducted using the commercially available software
package ABAQUS (1996). ABAQUS is available at UCF on a SUN UltraSpark wotkstation.
This hardware/software combination allowed for the analysis of relatively large models. Even
though ABAQUS is a reputable software package, it is still necessary to vetify the quality of the
results that are obtained from the analyses versus experimental or other analytical methods. The

following section repotts the vetification work done at the beginning of the project.

VERIFICATION OF ABAQUS

In otrder to make sure that ABAQUS is the right tool for this study, which involves many
analyses of box girder bridges, several verification cases were considered. As will be seen later in
the report, two types of models were used in this study. Therefore, verification studies were

needed for each model type. The results of these studies are reported next.

SHELL MODEL VERIFICATION

The first verification girders are approximately one-quarter scale of box girder projected in
the construction of a monorail bridge in Naha City, Japan (Yabuki et al. — 1995). The steel box
has a height of 800mm and a width of 200 mm. The top and bottom flanges extend 30mm
beyond the webs on each side (i.e. flange width=260 mm). The high depth-to-width ratio of the
girder is strengthened by 5 diaphragms (3 intermediate diaphragms for M-3) in addition to the

end diaphragms. Plate thicknesses are 9 mm and 6 mm for flanges and webs, respectively. The

radius of curvatute is 12 m and the central angle is 30°

The girder was modeled using the four-node shell element (S4R5), which uses a reduced

integration scheme. Steel was modeled with a bilinear stress strain relationship. The first
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segment was defined based on the modulus of elasticity reported by the authors. Beyond yield a
slope of 1%E,,,, was assumed for the second segment of the stress-strain relationship. One
concentrated load was applied to the girder at mid span. A thick loading plate was used to apply
the load during the experiment and was modeled as a beam element over the top flange (in the
radial direction) with thick dimensions in the finite element model. This was necessaty to avoid
stress concentrations under point loads. Boundary conditions were imposed on the girder as
those repotted for the experiment. In addition to the classical simple beam boundary constraints,

the beam was fixed against rotation at suppotts. However, it was allowed to warp freely.

Several runs were conducted to investigate the behavior of the girder. The variable
patameter was the magnitude of imperfection incotporated in the model. A buckling analysis
was cattied out to obtain the buckled shapes of the girder. Two modes (1* and 2™) were used
for the subsequent nonlinear analyses. Four different levels of initial imperfection were
considered, namely Omm (no imperfection), 2mm, 4mm, and 8mm. It was observed that the
level of imperfection greatly affected the maximum achievable deflection of the girder at mid-
span. This implies that failure is controlled by buckling; an observation that matches the
reported experimental failure. When comparing the ultimate load capacity obtained from
analyses to that from the test, the difference was found to range from 7.5% to 10.2% depending
on the magnitude of initial imperfection added to the model. The difference can be attributed to
the analytical boundary conditions, and how they were modeled. As reported by the authors, it
is possible that the test apparatus has offered some flexibility to the tested girder.

Another comparison looks at the distribution of normal stresses obtained from the analysis
and from the expetiment as reported by the authors. Figures 1 and 2 show the plots for the
inner and outer webs at mid-span of girder M-5 (5 intermediate diaphragms). It is obvious that
the distributions match very well, and that the analytical distribution of the notmal stress follows

the experimental trend closely.

Figute 3 shows the deformed shape of Girder M-3 at failure. It is obvious that buckling is
the controlling factor in the behavior. ‘The main buckled members are the webs between
adjacent stiffeners. The final load-deflection curves are given in Figs. 4 and 5. The ABAQUS
results were obtained from nonlinear analyses that took into account material nonlinearities as

well as geometric nonlinearities. Also residual stresses were included as reported by the authors.
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For both models (M-3 and M-5) buckling was a major factor and affected the behavior greatly.

This conclusion was also observed experimentally.

BEAM MODEL VERIFICATION
To verify the beam element model, two simply supported box beams were analyzed. The

cross sectional properties of the beams were chosen from an actual bridge. In warping, the

K . . . .
parameter k=L ng is the controlling factor in the response of a beam; where L is the span
[}

length, E and G are respectively the material modulus of elasticity and shear modulus, Iy, is the

watping constant, and K is the torsion constant. The verification beams were given a value for K
equal to 30. The first beam was loaded with a concentrated unit torque acting at midspan, while
a uniformly distributed torsional moment was used for the second beam. These cases were
chosen as their closed form solution is reported in the literature. Each of the beams was
analyzed using two models. The first model used 100 elements for the entire span. The other
model was built using 1000 elements. Figures 6 and 7 show the results obtained from ABAQUS
for both beams. The results obtained were in good agreement with the closed form solutions.
It was obvious that more elements were needed to capture spikes that take place under
concentrated torsional moments. The 1000-element model resulted in values for the bimoment
and the warping torsional moment that are much closer to the closed form solution results than
those of the 100-element model are. Under uniform torque, the bimoment results were exactly

equal to what is obtained from closed form solution.
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ANALYSIS MODELS

Two modeling approaches were utilized in the analytical study. The first is a simplified elastic
model based on special beam elements that have a warping degree of freedom. The second
model was created using shell finite elements and was designed to capture as much detail as
possible. The first model was used only for elastic analyses, while the second was used to

petform both elastic and nonlinear studies. The following sections describe these approaches in

detail.

BEAM (SIMPLIFIED) ELEMENT MODEL

The goal from developing this model is to study the global behavior of curved girders. This
model provides information on the distribution of internal forces associated with curved girders
(bending moments, shear forces, torsional moments, watping torsional moments, and
bimoments). Stresses can then be calculated at various locations in the structure from these
internal forces. All analysis performed using this model were conducted using elastic material

propetties even though factored loads as adopted by design codes were considered.

This simplified model is based on a special beam element from the ABAQUS element
library. ‘The element accounts for the effect of warping and requires cross-sectional geometric
properties (area, moments of inertia, warping constant, ...etc.) as input. These properties have to
be calculated separately. While calculations of ateas and moments of inertia are faitly easy and
straightforward, this is not the case for the warping constant. A computer program was

developed for this purpose using the MATLAB software package.

MATLAB is a software package capable of petforming many mathematical operations

symbolically. Utilizing its programming language it was possible to implement the complex
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formulas involved in determining the warping constant. Appendix A describes the detivation of

the expression of the warping constant, Iue. The program can handle single-cell cross-sections
with overhanging decks. It was developed in a general way so that nonsymmetric cross-sections
can be treated. By breaking the cross-section into several segments, different properties
(thicknesses, materials) can be given to each part (webs and flanges). The developed program
was verified by comparing the obtained results to those reported in the literature for two
problems. In order to visually inspect the results, a function was added to the program to plot

the geometrical properties of the cross section. Figure 61 in Appendix A shows the plot of the

watping function, @, for one of the verification problems.

SHELL (DETAILED) FINITE ELEMENT MODELS

To study the behavior of box girders in more detail, more detailed finite element models are
needed. The detailed models are based on shell elements, S4R5 from ABAQUS element library.
Other element types, such as 3-D beam elements, were used where necessary to model structural
parts that do not need the sophistication of shell elements. The shell elements were used to
model the plates forming the cross section of the girders. Details such as stiffeners, cross
frames, end diaphragms, were taken into account. Steel and conctrete material properties were
accurately modeled. Steel rebars were also included in the concrete deck part. Each shell
element was assigned a thickness based on which plate it is a part of. It is believed that these
models ate capable of capturing all the aspects of the behavior of composite box girder bridges.

Linear elastic runs and nonlinear inelastic runs were conducted using these models.

Two types of shell element models were used. The first is a2 model of several spans of a
bridge. This model was used to investigate the actual behavior of an existing bridge beyond the
elastic range. It modeled 3 spans of the bridge. A finer mesh was used at the locations of
interest. To study fatigue, elastic runs were executed on this model. This model will be referred

to as "Shell Model I" in this report. Details of this model can be found in a separate section.
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The other shell model, referred to as "Shell Model II", was developed to study a small
segment of box girder bridges. The length of the straight segment considered is equal to four
times the depth of the girder. Nonlinear material properties were modeled for the middle part
of the model only. This was done to avoid any stress distutbances that occur due to boundary
conditions. The elastic parts at the ends worked as a distribution region to keep the condition at
the study region as desired. In addition to the elastic regions at the ends, 2 tigid diaphragm was
provided to distribute loading to all nodes at the ends avoiding any stress concentrations. It was
possible to use more elements and include more details in this model since its length is very
limited as compared to the other shell element model (28 feet vs. 572 feet). Details of the model

are given in a later section.
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BRIDGE 538

Based on the plans provided to the project team by FDOT detailed finite element models
were built for Bridge 538. The bridge serves as the interchange between 1-95 and I-595. It
consists of 2 trapezoidally shaped cells. The layout of the bridge shows that the desited
curvature is achieved through 2 spiral segments and 5 circular curves. The degree of curvature

vaties depending on the location. A total of 21 spans varied in length from 121 to 210 feet.

Modeling the bridge in its entirety is not believed to be necessary. Studying the local
behavior around openings is not greatly affected by loading cases specially designed for
developing extreme internal forces in far away locations. Furthermore, modeling of the entire
bridge would have required great computer resources for no additional gain. It was therefore
decided that modeling three spans of the bridge is adequate for the purpose of this study. The
three spans were picked such that the maximum curvature (D=4°) and the maximum span
(L=210ft) are included. Only one cell is considered. The modeled bridge is assumed to be
hotizontal neglecting small vertical curvature. This configuration would include the major
factors affecting the design of curved bridges. Its continuity would include the effects of
negative moments in addition to positive moments and shear forces. The included curvature
allows for torsion to develop which is a major player in the design of curved girder bridges due

to the additional normal (due to warping) and shear stresses it creates.

'The three models were developed for the bridge are described in the following section.
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SHELL MODEL I FOR BR538

The developed model incorporates most of the important details found in the actual bridge.
Changes in plates’ thicknesses for webs and flanges are included. Web stiffeners are modeled
using beam elements, while the concrete deck is modeled using shell elements. The plane of
shell elements modeling the deck is higher than the top flange by half the thickness of the
concrete deck (4 inches). Constraint equations will be added to connect both patts (steel box
and concrete deck). Steel reinforcement in the concrete deck was modeled according to the
information provided in the bridge plans. The top steel flange is modeled using beam elements
that have the same area as that of the top flange. Cross frames are included in the model using
beam elements. Meshing of the bridge is done in such a way that focuses on locations of
interest. ‘This is achieved by increasing the number of elements around locations where
openings are expected to be located. Transition from a coarse mesh arrangement to a fine mesh
arrangement is achieved using approprtiate constraint equations. This mesh arrangement reduces

computer resource requirements. Figures 8 through 10 show general views of the developed

model. The cross-section of Bridge 538 can be seen in Fig.11.

The model has about 7000 elements. The number of elements varies slightly based on

whether an access hole is added to the bridge or not.

MATERIAL MODELING FOR SHELL MODEL I

The provided plans were used to extract the material properties used in the analyses. Steel
was assumed to have a bilinear stress-strain relationship in both tension and compression. A
yield stress, F, of 248 N/mm? was used for steel. The modulus of elasticity, E, was assumed to
be 200,000 N/mm® Beyond yield, the slope of the stress-strain relations ship was taken as 2%
of the initial modulus of elasticity, E. It is believed that this slope does not affect strength

predictions, however, it enhances the numerical stability of the model. Rebars were assumed to

have the same properties.

The maximum stress used for concrete, £, was 23.44 N/mm? in compression. The tensile

strength of concrete was taken as 10% of £. The modulus of elasticity, E, was determined
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based on the equation proposed by ACIL. E, was taken to be equal to 22,915 N/ mm®.  After
reaching f , it was assumed the slope of the second linear segment of the stress strain cutve for
concrete to be 2% of the initial modulus of elasticity, E. . Tension stiffening for concrete was
assumed to fade away from the maximum tensile strength to zero over a strain value equal to

0.005. Steel reinforcement was assumed to have the same material properties described before.

MODELING OF STIFFENERS

Stiffeners are provided to strengthen steel webs and flanges. They are welded to one side of
the parent plate. This arrangement shifts the centroid of the stiffenet from the middle surface
of the parent plate. Stiffeners are modeled as 2-node beam elements (BEAM GENERAL
SECTION in ABAQUS). While it is possible to provide a shift of the centroid and the shear
center for this element, this is only limited to elastic analyses. Since the detailed shell element
model will be used to study the behavior beyond the elastic limit, it was necessary to find a way
to overcome this problem. Any model should be able to simulate the original configuration

both in the elastic range and the plastic range.

In the elastic range, the parallel axis theorem is used to find a moment of inertia which takes

the shift of centroids into account.

A more detailed scheme is needed to get the shift effect beyond the elastic limit. For this
putpose a problem similar to the bridge conditions was analyzed. The model is based on an
arrangement that is repeated in Bridge 538. This part is a web plate (12.7 mm) that is
sttengthened by a stiffener which is 152.4 mm x 12.7 mm. This stiffener is provided every
2438mm. This part was isolated and studied using two models. The first is an all shell element
model. The second model uses shell elements to model the web plate and beam elements to
model the stiffener. Geometric properties were calculated for the stiffener taking into account
the shift between centroids. Initially the M-¢ relationship was provided for a concentric
arrangement. Figure 12 shows the load-deflection curves obtained from both models. It can be
seen that a constant difference appears between both results because of ignoring the shift effect

beyond the elastic limit. This difference was determined to require 2 modification factor of 1.6

for the M-¢ relationship of the eccentric beam element. Rerunning the problem with the
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modified properties yields in the results shown in Fig. 13. Load-deflection relationships from
both models are found to be in good agreement after using the M-¢ modification factor. This

modification factor will be used for all web stiffeners in the detailed model.

L.OADING OF SHELL MODEL I
Several load cases are considered to study Bridge 538. For dead loads, one load case is

analyzed. In accordance with AASHTO (1994), a combination of a tandem load and a lane load

were considered to study the live load effects.

The tandem load was applied in positions that would cause maximum stress at the secton
being studied. A tandem load is 2 group of 4 concentrated forces representing 2 axles. Each
axle exerts a 110 kN force on the bridge. The distance between the axles is 1200 mm while the
distance between the wheels in one axle is 1800 mm. In addition to the gravitational vertical
Aforccs, a centrifugal force was included according to AASHTO. The level at which the
centrifugal force acted was 1800 mm higher than the surface of the deck. For the fatigue study,
a standard AASHTO truck replaced the tandem load. The standard truck consists of 3 axles,
two of which are equal in weight (145 kN), and a lighter axle (35 kN) totaling 225 kN. The

distance between the main axles can vary between 4500 mm and 9000 mm, which is much larger

than that between the tandem axles.

Uninterrupted lane load was considered to act on entire span(s), but only applied to the
span(s) that make the loading condition mote sever. The width of the lane load is taken as 3000

mm. The intensity of the lane load is 9.3 N/mm. Positioning of loads on the cross-section is

tlustrated in Fig. 14.
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SHELL MODEL II FOR BR538

This is the second shell model for Bridge 538. With this model an accurate strength
assessment of the cross sections of box girder bridges can be reached. Effects of adding access
hole on the strength of the cross sections wete investigated for several loading conditions.
Because of the limited length of the model, it was possible to model details more accurately.
The stiffeners were modeled using shell elements. The main part of the cross frames (hotizontal

bottom member) was also modeled using shell elements.

The same dimensions reported earlier in the discussion of Shell Model I for Bridge 538 were
used for this study.

MATERIAL MODELING FOR SHELL MODEL II

The same matetial properties used for Shell Model I were also used for Shell Model II. A
minor change was introduced the to the slopes of the second segment of the stress-strain
relationships of both concrete and steel. Beyond the peak stress a 1% E,;, slope was used for
the second segment. Shell Model I used a 2% E,,,, slope. This measure was taken to avoid
excessive strain hardening that takes place at high strain levels and result in unrealistic strength

values. The tension stiffening model for Shell Model II was the same as for Shell Model 1.

In order to minimize any disturbance in the stress distribution, the elastic parts at both ends
of the model wete given the same material moduli but were not allowed to yield or crack as for

the intermediate zone.

LOADING OF SHELL MODEL II

The loading for this study was designed to create a case of pure moment on the cross
section. The rigid end diaphragms reduced any stress concentrations due to loading at the ends.
Elastic regions dissipated stress disturbance that may develop near boundary conditions. These
facts left the region of interest in a pure state of flexure. Both positive moments (concrete in

compression) and negative moments (concrete in tension) were studied. Each case was run
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twice, once with a hole in the bottom flange and the other without the hole (original

configuration).
In summary the following load cases were considered:

® Positive moments and without a hole in the girder.

e DPositive moments and with a hole in the girder.

® Negative moments and without 2 hole in the girder.

* Negative moments and with a hole in the girder.

Figure 15 shows the positive moment case for Shell Model II.
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BEAM MODEL FOR BR538

A simplified model was created for bridge 538. The model is based on a 2-node 7-DOF
beam element. A seventh DOF allows for capturing the warping of the bridge cross-section.
All together the model provides information on the distribution of internal forces associated
with curved girders (bending moments, shear forces, torsional moments, watping totsional
moments, and bimoments). Details of the derivations of formulas for warping cross-sectional

properties can be in Appendix A.

The cross-sectional properties of the bridge were determined using the MATLAB program
which was specifically developed for this purpose. The cross-sectional properties are calculated
taking into consideration the different material properties of concrete and steel. The geometric
properties of each cross section were calculated twice. The first set of geomettic properties is
for a quasi-open cross section, and was used for dead load calculations. The member |
connecting the top flanges was determined according to the Equivalent Plate Method (EPM)
based on the formula developed by Kohlbrunner and Basler (1969), that provides the thickness
of the equivalent member. This method accounts for the bracings that are usually provided
during construction before placing the concrete deck. After casting the concrete deck a
steel/concrete composite closed cross section is created. The second set was based on this type
of section and was used for live load calculations. A petfect bond between steel and concrete is

assumed.

The cross-sectional properties of the open noncomposite cross-section as well as the closed
composite cross-section of Br538 at one of its sections can be found in the following tables.
Plots of these properties can be seen in Figs. 16 through 18. For comparison purposes, the

geometric properties of a true open cross section are also provided.
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GEOMETRIC PROPERTIES FOR BRIDGE 538

Open cross section — noncomposite
Shear Center Location: (from Centroid +=down,right)

X = 0.0000 mm Yy = 1707.3388 mm
I, = 9.8395¢+010 mm* I, = 1.9921e+011 mm*
K = 19869%+007 mm" I, = 5.7075¢+016 mm®
Elem S, S ® So
1 0.000e+000 | -6.941e+006 | 0.000e+000 | -8.137e+006 | 1.454e+006 | 8.388¢+005| 0.000e+000] -5.8236+000
2 6.941e+006 | 0.000e+000 | 9.153e+006 | 0.000e+000 | 8.388¢+005 | 2.241e+005| 2.700e+009 | 0.000e+000
3 -1.388e+007 | -2.227e+007 | -1.729e+007 | -5.713e+007 | 8.388e+005| -1.075¢+006| -8.522e+009 | -5.220e+009
4 -2.227e+007 | 2.227e+007 | -5.713e+007 | -5.713e+007 | -1.075e+006| 1.075e+006 | -5.220e+009 | -5.220e+009
5 2.227e+007| 1.388e+007 | -5.713e+007 | -1.729e+007 | 1.075e+006 | -8.388¢+005 | -5.220e+000 | -8.5226+009
6 -6.941e+006 |  0.000e+000 | 9.153e+006 | 0.000e+000 | -8.388¢+005 | -2.241e+005 | 2.700e+009 | _0.000e+000
7 6.941e+006 | -2.476e-008 | -8.137e+006| 1.118¢-008 | -8.388e+005| -1.454e+006| -5.823¢+000 | -6.939¢-006
Closed cross section (only bracing) - noncomposite
Shear Center Location: (from Centroid +=down,right)
x, = 0.0000 mm ys = 1277.6218 mm
I, = 1.0653+011 mm* I, = 2.0259¢+011 mm*
K = 6.0014e+010 mm* I, = 2.9271e+016 mm®
Elem S, S ® So
1 -2.978e+006 | -9.694e+006 | 7.054e+006 | -1.084e+006 |  1.045¢+006] 5.645¢+005 | 2.591e+008| -3.830e+009
2 6.716e+006 | 0.000e+000 | 9.153e+006 | 0.000e+000 | 5.645¢+005 | 4.454e+004 | 1.547e+009 | 0.000e+000
3 -1.641e+007 | -2.746e+007 | -1.024e+007 | -3.211e+007 | 5.645e+005| -9.536e+004 | -5.377¢+009| -8.6626+009
4 -2.746e+007 | -2.356e+007 | -3.211e+007 | -5.008¢+007 | -9.536e+004 | -7.552e+005| -8.662¢+009| -2.706e+009
5 -2.356e+007 | -2.421e-008 | -5.008¢+007 | -6.667e+007 | -7.552¢+005 | -4.987¢-010| -2.706e+009 | 8.257e+009
6 -2.421e-008 | 2.356e+007 | -6.667e+007 | -5.008e+007 | -4.987e-010| 7.552e+005| 8.257¢+009 | -2.7060+009
7 2.356e+007 | 2.746e+007 | -5.008¢+007 | -3.211e+007 | 7.552e+005| 9.536e+004 | -2.7066+009 | -8.6626+000
8 2.746e+007 | 1.641e+007 | -3.211e+007 | -1.024e+007| 9.536e+004| -5.645¢+005| -8.662¢+009| -5.377e+009
9 -6.716e+006 [ 0.000e+000 | 9.153e+006 | 0.000e+000 | -5.645e+005 | -4.454e+004 | 1.547e+009| 0.0006+000
10 9.694e+006 | 2.978¢+006 | -1.084e+006 |  7.054e+006 | -5.645¢+005 | -1.0456+006| -3.830e+009 | 2.591e+008
11 2.978e+006 |  6.054¢-009 | 7.054e+006 | 8.745e+006 | -1.045¢+006 | -1.171e-010| 2.591e+008 | 1.4376+009
12 6.054e-009 | -2.978e+006 | 8.745e+006 | 7.054e+006 | -1.171e-010| 1.045e+006 | 1.4376+009 | 2.591e+008
Closed cross section — composite
Shear Center Location: (from Centroid +=down,right)
X, = 0.0000 mm Yy = 22.9733 mm
I, = 24814e+011 mm* I, = 6.9727e+011 mm*
K = 27224e+011 mm* I, = 4.4128¢+016 mm®
Elem S, S (0] Sy
1 -8.026e-009 [ -2.929e+007 | 1.214e+008 | 8.647e+007 | -1.155¢-009[ 2.572e+005| 2.594e+000] -2.680e+009
2 2.667e+007 | 0.000e+000 | 9.246e+007 | 0.000e+000 [ 2.572e+005 | -8.851e+005 | -1.172e+010| 0.000e+000
3 -5.596e+007 | -4.416e+007 | -5.991e+006 | -4.761e+007 | 2.572e+005]| 7.489e+005| 9.041e+009| -5.678e+000
4 -4416e+007 | 2.293e-009 | -4.761e+007 | -6.420e+007 |  7.489¢+005 | 1.426e-009 | -5.6786+009 | -1.6556+010
5 2.293e-009 | 4.416e+007 | -6.420e+007 | -4.761e+007 |  1.426e-009 | -7.489e+005 | -1.655¢+010| -5.678e+009
6 4.416e+007 |  5.596e+007 | -4.761e+007 | -5.991e+006 | -7.489¢+005 | -2.572e+005 | -5.678¢+009 | 9.041e+009
7 -2.667e+007 | 0.000e+000 |  9.246e+007 | 0.000e+000 | -2.572e+005| 8.851e+005| -1.172¢+010] 0.000e+000
8 2.929e+007| 3.078e-008 | 8.647e+007 | 1.214e+008 | -2.572e+005] -1.566e-010| -2.680e+009 | 2.594e+009
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LOADING OF BEAM MODEL

Several load cases are considered to study Bridge 538 using the beam element model. For
dead loads, one load case is analyzed. As desctibed before for the shell element model, a
combination of a tandem load and a Lane load were considered to study the live load effects.
Three load cases were considered for the lane load. Each case with one span entirely covered by
the lane load. The tandem load, which consists of a pair of axles, was positioned at twenty-two
different positions along the bridge span. Tandem load cases also included the centrifugal force
effects. Overall, twenty-six load cases wete considered for the study. Load cases were then
combined to obtain envelopes of maximum and minimum straining actions. Following
AASHTO, only one tandem load pair was considéred for positive straining actions values. Two
tandem load paits (having a distance of 8000 mm to 12000 mm in between) were considered for

negative straining actions values and inner support reactions.
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RESULTS FOR BR538

COMPARISON BETWEEN MODELS

Since only elastic analyses can be performed using the beam element model, a linear elastic
analysis was executed using Shell Model I. ‘The run is that of the dead load case. Table 1 shows
a comparison between reactions at each of the bridge supports. It can be seen that the

maximum difference between both results has dropped to less than 1.3%.

Figure 19 shows a comparison between the deflection curves of Bridge 538 that were
obtained from the beam element model and the shell element model. It is obvious that both
models are in good agreement. Differences in results can be atttibuted to the dead loads applied
to each model which are obvious from the total reaction given in Table 1. Table 2 lists

maximum deflection values for all three span of Bridge 538.

It was concluded that the simplified beam element model is a valid tool for conducting

research on the general behavior of curved box gitder bridges.

Table 1: Comparison of Support Reactions (kN)

Beam Model Shell Model I
1% Support 979.52 995.66
2™ Support 2903.5 2957.15
3" Support 2294.3 2310.35
4™ Support 644.1 646.14
Total Reaction 6821.42 6909.30

Table 2: Compérison of Bridge Deflections (mm)

Beam Model Shell Model 1
1" Span 105 103.6
2™ Span 33.52 39.42
3" Span 22.92 23.92
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NONLINEAR ANALYSIS OF BRIDGE 538

A nonlinear analysis was petformed on the shell model of the bridge. The bridge was loaded
with factored dead loads and live loads (lane load and design tandem load). The live loads were
positioned to cause the most severe condition at the middle of the second span. Using Shell
Model I, the bridge was analyzed using ABAQUS to include the material and geometric

nonlineatities.

Figure 20 shows that parts of the steel box have yielded. The yield is around the maximum
positive moment regions where the bottom flange yields in tension. Over the supports, the
bottom flange yields in comptession due to the large negative moments that develop due to
continuity. In Fig. 21 the cracking of concrete is obvious over the supports where negative
moments cause tension in the concrete deck. Figure 22 shows the load deflection relationship

for this run.

FATIGUE INVESTIGATION OF HOLE LOCATIONS

To study the effect of opening an access hole in the bridge, a finite element analysis of Shell
Model I for Bridge 538 was carried out in the elastic range. The objective of this study was to
compate the response of the bridge with respect to the locations of the hole. For this
compatison, two cases were studied in detail. In the first model, a hole was punched in the
bottom flange at the center of the second span (longest L=210ft), where the maximum positive
bending moment occurs. In the second case, a hole was positioned in the bottom flange at
about one quarter of the same span, which is close to the point of contraflexure. A location
closer to the pier (support) was not possible because of the existence of longitudinal bottom
flange stiffeners that extend from the supports to about 25% of the span length. This location is
not exactly at the contraflexure point which shifts due to the moving nature of the live loads,
however, very close to it. The studied access holes were given a diameter of 2ft. The following

load cases wete considered in the comparison:
o Dead load.

e Dead load + Live load (Jane load and design tandem load positioned to cause maximum

internal forces at the location of the hole).
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e Standard truck load (Including effect of centrifugal force and an impact factor of 1.15
for fatigue (AASHTO-LRFD 3.6.2.1-1))

The geometty of a bottom flange plate with a hole is as shown in figure.

Longitudinal Direction

Radial Direction

For the finite element model, 2 finer mesh was used around the hole. The following figure

shows the details of the mesh in a panel in which a hole has been punched.

Mesh around the hole. Distribution of stresses in the vicinity of the hole.
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Circumferencial Stresses-hole-1

10 20
Points on Circumference of Hole-1

Dead Load-Hole-1

------ Dead Load-No-Hole

— — — Dead Load+Live Load-Hole-1
Dead Load+Live Load-No-Hole

To find out the effect of fatigue, major principal stresses along the circumference of the hole

were plotted as shown in figure. Hole-1 is located at the center of the span.

The stress distribution along the circumference of Hole-2, which is located close to the point

of contraflexure, is as shown in figure.

The bridge was also checked for the fatigue according to AASHTO. It was assumed that
Bridge 538 falls under Category B. (Built-up members with continuous fillet welds parallel to the
direction of applied stress)

For load induced fatigue, the following design equation was used:
V(&) < (AF),
where, ¥ = Load factor specified in Table 3.4.1-1 =0.75

Af = (Live load stress range due to standard design truck) x (Impact factor)
A

(AF), = (ﬁ) 2 1/ 2(AF )y

(AF),, = Constant amplitude fatigue threshold = 110 MPa

A=393x10 MPd’
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N = (75) (365) n (ADTT),
n = Number of stress range cycle per truck =1.0 for the given case.

(ADTT) g, = Average daily truck traffic =20,000 x 0.15 = 3000

N = 8.2x10’

. (AF), =36.3 MPa
But (AF), 2 1/2(AF),,
. (AF) = 55 MPa

The following two figures show the maximum principal stresses along the circumference of
the holes due to the presence of the fatigue inducing loads, as suggested by AASHTO.
AASHTO specifies a single truck placed in the worst location for use in fatigue calculadons. A
load factor of 0.75 is used. The vertical component of the truck load was increased by 15% to
include the impact effect. The horizontal component (centtifugal force) was not increased by

any impact factors following AASHTO recommendations.

Circumferencial Stresses-Hole-1 With Hole
----- Without Hole
59 -
—~ 49 -
&
§, 39 4
o 29 4
o0
g 19 -
w 9
'1 = T T T T 1
0 5 10 15 20 25
Points on the Circumference of Hole-1
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Circumferencial Stresses-Hole-2

with hole
~ — — without hole

5 10 15 20 25

[

Stress (MPa)
Leso o RBRBR

Points on Circumference of Hole-2

It was observed that both locations have stress ranges less than the AASHTO fatigue limit.
However the center location will probably not have enough strength. Stress concentration, in
case of the hole in center of the span, approaches yield (F,=248 MPa) under working conditions.
This does not happen in case of a hole in quarter span. This case was only considered for

comparison purposes.

It should be noted that the due to stress concentrations, stresses are almost tripled in the
vicinity of the hole. This fact is true for dead load stresses and live load stresses. The stress
range which is limited by fatigue is caused by the truck portion of the load. The studied case
showed that this range has also tripled to a value that is very close to the AASHTO allowable
limit of 55 MPa. As will be seen later, fatigue is a limiting factor in determining regions where

access holes can be added.

EFFECTS OF ACCESS HOLES ON FLEXURAL STRENGTH

Shell Model II was used to the study the effect of adding a hole to the bottom flange of
Bridge 538. Two loading cases were considered. The first is a pure bending case causing the
concrete deck to be in compression (positive moment). The other case represents the effects of
negative moments which develop in the vicinity of supports and cause the concrete deck to be in

tension. For each loading case, two analyzes were performed; the first is that of the original
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cross-section and the second is for the cross-section after adding the hole. In all, 4 cases were

tun for this model.

Nonlinearities due to inelastic matetial properties and large deformations are included in

these analyses. The description of the material properties can be found in the section about
Shell Model 1.

The following section present the results obtained from these analyses.

Concrete in Compression

The model without a hole showed a lot of yielding at high load levels. Yielding happened in
the bottom flange and extended to parts of the web pointing to the formation of a plastic hinge.
The moment-curvature relationship can be seen in Fig. 23. On the same figure the plastic

moment capacity (from basic principles) and the first yield moments are also given.

The other positive moment run included a hole in the bottom flange of the model. As
expected, due to stress concentrations yielding started at the edges of the hole. The capacity of

the cross section was reduced by about 10 %. Figure 24 shows the moment-curvature

relationship for this case.

A captute of the deformed shapes showing contours of longitudinal normal stresses is given
in Figs. 25 and 26.

Concrete in Tension

The behavior for this loading was different than the previous case. The negative moments
applied to the model caused the bottom flange to be stressed in compression. Buckling of the
bottom flange was prevented by the existence of the bottom flange stiffeners which are
connected to the cross frames. Webs ate also strengthened by stiffeners, but these are much
more flexible than bottom flange stiffeners and are not connected to any cross frames where

buckling is likely. The thickness of webs is always much less than the thickness of bottom flange
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plates. For the analyzed model it was obvious that buckling was the limiting factor for the

strength of the cross section.

Figures 27 and 28 give the moment curvature relationships for both cases (with and without
a hole). Also the plastic moment and the first yield moment values are plotted on the figures for

comparison purposes. Contours of longitudinal normal stresses can be seen in Figs. 29 and 30.

Figute 31 is a plot of the moment curvature relationships for all cases. The figure shows the
amount of loss of flexural capacity due to adding an access hole in the bottom flange. It can be
seen that the stiffness of the cross section (initial slope of the relationship) is also affected by

adding the hole. However the reduction in stiffness is considered substantial.

Hand calculations of the plastic moment capacity for the four cases showed good agreement
with finite element analyses for the case of concrete in comptression. An obvious difference
existed for the case of concrete in tension. This difference can be attributed to the fact that
buckling limited the strength, a phenomenon that hand calculations did not capture. The

compatison can be seen in Table 3.

Table 3: Plastic moment capacity (M,)
of Bridge 538 (N.mm)

Hand ABAQUS

Calculations
Nohole-cc 5.46E+10 5.59E+10
Hole-cc 446E+11 4.97E+10
Nohole-ct 4.95E+10 3.89E+10
Hole-ct 4.30E+10 3.65E+10
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ACCESS HOLE LOCATIONS

The previous sections were concerned with different aspects of the behavior of box girder
bridges. In this section, an attempt will be made to investigate the best locations where access
holes can be added without severely affecting the ’strength and integrity of the bridges. This
information will assist engineers in determining locations where access holes may be added

without the need for major strengthening operations.

The locations discussed in this secton are derived from structural analyses and satisfy

structural requirements. Practicality of the locations should be investigated elsewhere.

STRATEGY

Several precautions shall be taken when changing the configuration of an existing structure.

The most important are precautions regarding the strength of the structure. Durability and
serviceability should also be considered.

This part of the study looks into the strength aspect of the behavior of box girder bridges

and how it affects the choice of access hole locations. Two approaches can be adopted. In the
first approach, the access hole is to be located in regions that are minimally stressed taking
advantage of the fact that not all cross sections are stressed equally. Although designers try to

optimize their design by varying the cross sectional dimensions (plate thicknesses in

steel/concrete composite box girder bridges), still cross sections cannot be stressed equally.

This is due to the large vatiations in straining actions in the longitudinal direction, and also due
to the cost limitations on vatiations engineers can design. The second approach allows designers

to freely choose the location of access holes, generally to satisfy other criteria such as practicality

41

0000000000000 000000000000000Q000Q00COC0FCGOKOCOIOQETDS



of accessibility. However, as expected, such an approach may require major strengthening of the

bridge if the location is one that is acted upon by large straining actions.

The first approach was adopted for this study. It is believed that minimal strengthening will
be needed if this approach is followed.

LOCATION OF CURRENT ACCESS HOLES

Existing bridges are provided with access holes at the ends of each segment close to
expansion joints. The holes are drilled in the bottom flange providing easy access, in most cases,
from beneath the bridge whete the pier serves as an access tool. In addition to easy access, this
patt of the flange is hardly stressed because of its existence in a region where bending moments
are close to zero, thus having a minimal effect on the strength of the cross section. Shear
stresses, which are high around supports, are mainly resisted by webs. The same cannot be said
about intermediate supports where high negative moments make the bottom flange highly

stressed.

Another type of access holes is provided in diaphragms. Diaphragms are provided at
suppotts, and the access holes are essential to allow movement from one compartment (span) to

anothet.

ALTERNATIVE ACCESS HOLE LOCATIONS
In addition to the bottom flange alternative, two other alternative locations are possible for
providing access holes at any cross-section. Thus, the alternatives available for study are the

following three :
¢ Bottom Flange
e Web

e Concrete Deck
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Each of these alternatives has its advantages and disadvantages. The advantages and
disadvantages are discussed with tespect to their impact of the access hole on the following

categories :

®  Strength: The most important of all since it affects the structural integtity of the bridge.
Holes in the bottom flange would have a great impact on the flexural strength of the
cross section, and hence the entire structure. This is especially true in the vicinity of the
suppotrts where high negative moments develop. To avoid such reduction in strength,
major strengthening will be required at such locations. Away from high negative and
positive moments, flexural stresses are at their minimum and adding a hole in the
bottom flange may be possible without strengthening. Adding access holes to webs has
a bigger impact on the strength of the cross section in shear. Webs are usually formed
from thin plates. Additional holes in the webs will drastically reduce its shear resistance.
Thetefore, this should only be considered around midspans where low shear forces and
torsional moments exist. The effect of opening an access hole in the concrete deck has
the least impact on strength of all three alternatives. This is due to that fact that the
dimensions of the concrete are predetermined by traffic considerations (road width)
rather than by structural need. The provided concrete is, therefore, more than what a

structural design would require. This fact makes it more tolerant for size reductions.

®  Feasibility: To minimize the amount of work involved in providing an additional access
hole, other elements should be left untouched. These elements are the stiffeners and
cross frames that enhance the structural qualities of the bridge. Bottom flange stiffeners
are generally provided to stiffen the plate and prevent buckling where it is under high
compressive stresses (negative moment regions). These stiffeners extend for a portion
of the span. Beyond the negative moment regions (positive moment regions) no
stiffeners are usually provided. Wide boxes have two bottom flange stiffeners, while
narrow boxes are stiffened in the middle of the plate. The one stiffener type creates an
obstacle to access holes. In the case of two bottom flange stiffeners, an access hole can
be added between the stiffeners if the distance in between is sufficient. Stiffeners for
webs are provided in the transverse (direction) inclined, and not longitudinally. Web

stiffeners increase the shear resistance of webs. In order to minimize the reduction in

43



0000000000000 000 0000000000000 000CCOCKOCGKCROINNINSYYS

shear strength, the access hole should be added in the space between the stiffeners. The
concrete deck alternative has the least limitations from other elements since no
longitudinal or transverse stiffeners are attached to it. Top flange bracings, which
provide needed strength for the steel plates during construction and before casting the
concrete deck, may work as an obstacle for this alternative. However, these elements ate
not essential for the behavior of the steel/concrete composite closed cross section and
can be taken out if needed. For all three alternatives, the locations where cross frames
exist should be avoided, since these cross frames enhance the global behavior of the

bridge.

o Acessibility: For any of the alternatives to be useful, it should be accessible. Easy

accessibility of the access hole is an important issue since they are added for use in the
eventuality of an emergency. Holes in the concrete deck are accessible easily from the
top with no need for special equipment. The other two alternatives will require special
equipment (snooper or bucket) to reach the access hole, especially away from the
supportts. In the vicinity of the supports, piers and abutments facilitate reaching the hole
unless the bridge overpasses other roads and bridges at an unreachable level. In the case
of multi cell bridges, web openings will be hard to reach if they are located away from

the piers due to equipment limitations.

Water Leakage: Cotrosion of steel is always accelerated in humid environments. Any
modifications in the bridge that would increase the potential for corrosion should be
avoided, since it reduces the durability of the structure. Access holes in bottom flanges
do not change the possibility of getting water inside the box. The same applies to webs,
except for outer webs where some water running on these sides may find its way in. The
most critical of all three alternatives is the concrete deck one. The access hole will be
under sever weather attacks and in the case of heavy rain may leak some water to the

inside of the box. In order to avoid such leaks, water tight doors must be provided.

Impact on Traffic: The use of the access hole should be possible at all times. Access holes
that are accessed from the top (concrete deck, or web and bottom flange at midspan

with the help of a snooper) will impact the traffic flow and need special arrangement to
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use the hole. No such arrangements are needed if for bottom flanges and webs that will

be accessed from beneath the bridge using a bucket or simply the piers.

o Unlawful Access: Unauthorized people can easily reach access holes in the vicinity of the
supports and in the concrete deck. Away from the supports, access is not possible
without the use of special equipment except for the concrete deck alternative. In all

cases, to avoid unauthorized people from getting into the cells, certain precautions

should be followed.

Table 4 summarizes the previous discussion.

Table 4: Summary of advantages and disadvantages of access hole alternatives

Alternative Bottom Flange Web Concrete Deck
Str Reduces flexural Reduces shear, torsional | Less effect on strength
ength strength. strength. than other two
alternatives.
Feasibili Stiffeners should be Stiffeners must be No stiffener limitations,
castbiity avoided. May be an avoided. but construction bracing
obstacle if one stiffener may be an obstacle.
is used.
Cross frames must be avoided.
Access at supports Easy Easy ﬁa;x;r) I2iccess at any
Possible with the help Possible with the help
Access between supports
of a snooper ot a of a snooper or a
bucket. bucket, except for
intermediate cells in
multicell bridges.
Water leakage Not a concern. Concermn for outer cells. | Watertight doors will be
needed.
No effect. No effect. Special arrangements
Impact on traffic will be needed for
access.
Unlawful Access Possible at suppotts. Possible at supports. Possible at any location.
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MINIMALLY STRESSED LOCATIONS

In this patt of the study, locations where stresses are at their minimum will be identified.
Taking advantage of the existence of such locations in any bridge girder will result in minimal
strengthening requirements, if any at all. The approach differs depending on which of the three
alternative locations is tatgeted. In the case of access holes in the web, shear stresses will be
considered. Normal stresses will be considered in the case of the bottom flange or concrete

deck alternatives.

Straining Actions

The first step in this study was to find the straining action distributions in the longitudinal
direction due to the applied loads. The AASHTO-LRFD code is followed in determining the
loads. The philosophy behind most LRFD codes can be summarized in the following:

A bridge design is considered an acceptable design if limit states are satisfied. These limit
states are: Service limit states, Fatigue and fracture limit states, Strength limit states, and Extreme-event
limit states. It is believed that satisfying the specified limit states will result in a structure that
will perform satisfactorily within acceptable deformations, and will have an adequate factor of

safety against collapse.

Determining low stress regions fall under Szength I limit state. According to AASHTO,

strength evaluations are conducted by:

e First petforming a linear elastic analysis of the structure to obtain the internal forces due to

factored loads even though the materials used may behave beyond the linear range.
e Then, study section behavior taking into consideration material nonlinearities.

This procedure was followed. The details of the procedure are given next.

Factored loads are determined according to the following equation:

U=ypD+yiL
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where D is the dead load, and L is the live load acting on the bridge. %, and 7, are the load
factors that, for Strength I limit state, were taken equal to 1.25 and 1.75, respectively. Following
AASHTO's provisions for load factors and capacity calculations should result in a structural

system with a reliability index around 3.5.

The dead loads were first applied on the noncomposite cross-section (steel only). The
geometric properties of the quasi-closed noncomposite girder were determined after adopting
the Equivalent Plate Method (EPM) by Kohlbrunner and Basler to account for construction
bracing. In this method an additional plate is assumed to connect the top flanges of the box
girder. The additional membet is given a equivalent thickness, 7, that has the same effect on the
girder as that of the construction bracing connecting the top flanges. The formula used to

determine 7, is:

E ab
476G B 243
Fy 3F,
where

E . Modulus of Elasticity
G Shear Modulus
a Spacing between cross frames
b Distance between flanges
d Length of bracing member
F, Area of top flange
F, Area of bracing member

The superimposed live load is then applied to the structure by considering the permanent
condition after casting the concrete deck. The new geometric properties of the ctoss-section

were determined based on a closed composite girder (steel and concrete).
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For illustration purposes, an idealized bridge is analyzed following the previous procedure.
The bridge consists of three straight equal-spans with constant cross-sectional dimensions. The
length of each span is 75 ft, and cross-sectional properties are those of Bridge 538 which are
illustrated in a previous section. This case was studied for 34 load cases; 1 dead load case, 3 lane
load cases, and 30 tandem load cases. Straining actions from these load cases were determined
based on a linear elastic analysis. Two sets of straining actions were obtained using ABAQUS.
In Fig. 35, the first set shows the internal forces due to dead loads. As expected, for the dead
load case, only bending moments about the horizontal axis (M,) and shear forces in the vertical
direction (1) develop due to the lack of curvature. Envelopes of straining actions due to live

loads form the second set, which can be seen in Fig. 36. The live load envelopes show internal
forces in other directions (M, M, T, T). This is due to the eccentticity by which live loads are

positioned which applies torsional loads on the bridge resulting in the other straining actions.

Figures 32 and 33 show the positioning of live loads for a one-lane deck and a two-lane deck.

Calculation of stresses

Stresses are then calculated based on these internal forces. The normal stress, O, which

develop due to the bending moments (M,, M)) and bimoment (My), is evaluated at key points in

the cross section according to the following equation:

The next equation was used to calculate shear stress, 7, due to shear forces (I, V) and

torsional moments (1, T), at various points in the cross section:

1% 1% T T
T=-—28 ()+-—=8,(s)+——+—-23F
i, «(8) i, y(5) 2iA, 1, o(5)

where,

I/, is the shear force in the y-direction (vertical shear)
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I .is the shear force in the x-direction (horizontal shear)

M_.is the bending moment (about the x-axis)

M, is the bending moment (about the y-axis)

My, is the bimoment

T.is the pure torsional moment component of the total torsion

Teis the warping torsional moment component of the total torsion

Ipwis the warping constant

@.is the warping function

A._is the area enclosed by the box

I.is the moment of inertia (about the x-axis)

Lis the moment of inertia (about the y-axis)

x.is the distance from the point under consideration to the centroid in the x-direction
j.is the distance from the point under consideration to the centroid in the y-direction
tis the thickness of the plate where the point under consideration lies

So(s)is the sectoral moment

S.(s) is the first moment of area (about the x-axis)

S,(s) is the first moment of area (about the y-axis)

Stress computations were done based on the following sets of geometric properties. These

are:

®  Quasi-closed all steel noncomposite cross-section for dead load stress calculations
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o  Closed concrete/ steel composite cross-section for live load stress calculations.

The total stresses at the key points wete obtained by adding both the dead load and live load
stresses. 'This procedute assumes that the construction method does not shore the girders

before casting the concrete deck.

The point where the maximum normal stress in the cross section, ©,,,,, was identified for
each of the elements forming the model. Also, the point where the maximum shear stress in the

cross section, T,,,,, takes place was determined for each element. After obtaining these values

7

for all elements, the elements that have the maximum values, 0,,,. and 7, were located.

Identifying low stress regions

The information obtained from stress calculations can be manipulated in vatious ways. Five
different approaches were used in this study. In the first approach, regions where normal
stresses are at their minimum were located. Regions where 0 is less than 20%, 33%, and 45% of
0, were located. The 33% limit is especially important since the stress concentration factor
around circular holes is always close to 3. Holes in this special region will cause the stress to be
around the maximum stress value, O, after being multiplied by the stress concentration factor.
These regions have a good potential to be considered for flange openings. For openings in
webs, the second approach was devised, where regions of low shear stresses are identified.
Three stress levels were considered; 7 is less than 20%, 33%, and 45% of 7, These two
approaches consider one type of stress only, either the normal stress or the shear stress. Since
interaction between both stress types usually exist, another approach was needed. The third
approach locates regions where both normal stresses and shear stresses are below certain limits.
It was clear from the third approach that regions determined based on a scheme which targets
low normal and shear stresses are very limited. This led to the last two approaches. The scheme

adopted in the fourth approach gives more weight to the shear stress over normal stresses; 7 is

less than 33% of 7, and O is less than 75% of G,,,,. Finally, the fifth approach considers normal

stresses mainly with some weight given to shear stresses; O is less than 33% of 0, and Tis less

than 75% of 7,,. Since the flange alternatives are more likely to be adopted, fatigue limitations
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were also incorporated in this final approach; Afis less than 55 MPa in regions where fatigue
should be considered. Since the fatigue stress range obtained from the analysis is that of the
original cross section, this range was increased by a stress concentration factor. For uniform
plates under uniform in plane normal stress a stress concentration factor of 3 is expected.
However, a stress concentration factor of 3 was deemed conservative, and instead a factor of 2.5
was used. This decision was reached after recognizing that point of 0, always took place in the
bottom corner of the cell. Access holes will always be located in the middle of the bottom
flange plate where the normal stress is lower. This is due to the fact that it is closer to the

vertical axis and normal stresses due to the bending moment about the y-axis, M, and the

bimoment, M, will be less than at the corner. Figure 34 shows a normal stress distribution at a

inner support to illustrate the justification of the use of a lower stress concentration factor.
A summary of all approaches can be found in Table 5.

The previous approaches were applied to the results obtained from the idealized bridge
model. Each of the approaches yielded regions of low stresses in accordance with the scheme
involved in the approach. Figure 37-a shows the regions obtained using Approach 1. The
regions were around point of contraflexure and close to extetior supports. Approach II resulted
in the regions seen in Fig. 37-b. These wete around midspans where low shear forces and
torsional moments exist. When Approach III was adopted, the regions came out to be as shown
in Fig. 38-a. In Fig. 38-b the results are those of Approach IV. The regions shown in Fig. 39-b
are those obtained from Approach V, which incorporates the fatigue stress range in determining
the regions in addition to the normal and shear stresses. In this plot, all the shown regions
satisfy the ctiteria set previously for Approach V, which means that fatigue is not an issue in
these regions. The datkened regions represent the live load stress range in the regions that
passed all criteria. The parts of the region that are not darkened cortespond to regions where
fatigue can be ignored according to AASHTO. This can be seen in Fig. 39-a which shows the
fatigue stress range due to live loads. By comparing both figures, the stress concentration factor
of 2.5 used with Afis obvious. It should be noted that, unlike the fatigue study for Bridge 538,
fatigue calculations in this study considered one tandem pair instead of the design truck. Only
one tandem pair was used in determining the straining action envelope for fatigue calculations;

i.e. no double tandems for negative moments and inner suppott reactions. The live load stress
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range was determined by finding the difference between the maximum stress and minimum

stress from the fatigue straining action envelopes. This technique implies that each tandem pair

induces one fatigue load cycle during its trip on the bridge. The other alternative is to find the

maximum live load stress range from one case of loading, which implies that this case is a single

fatigue load cycle with a lower live load stress range. Since the adopted technique uses a higher

live load stress range for the same number of cycles, it is obviously more conservative.

Table 5: Summary of approaches for determining low stress tegion locations

Notrmal Stress

Shear Stress

Fatigue Stress Range

c T Af
A W < 20% o,,, Not considered Not considered
pproac <33%0,,
<45% 0,
Not considered <20% 7, Not considered
Approach I < 3%
<45% 1,
< 20% ©,,. <20% T,,. Not considered
Approach III <33%a,, <33%1,,,
<45% o,,,. <45% 1,
< 750 < 330 Not considered
Approach v 75% ©,,,, 33%1,,. nsidere
< 33% o, <75% 1,,. Af < 55 MPa
Approach V (wheze applicable)
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CASE STUDY OF DOT BRIDGES

The previous section describes the strategy that will be followed in determining regions of
low stresses. These regions are the recommended regions for adding access holes to the bridges.
Nineteen bridges were studied to investigate the generality of the findings of these results.
These bridges exist in District IV of the Florida Depattment of Transportation FDOT. The
plans of the bridges were studied and one segment from each bridge was studied. The bridges

vatied in dimensions covering a scope of curvatures and cross sections. The properties of each

of the bridges are summarized next.

BRIDGE 390

The segment considered is a five-span girder with a constant curvature of 620 feet. Span
lengths varied from 180 feet to 233.5 feet. The total number of elements used to build the
model was 1923 each with a length of 6 inches (152.4 mm). Four different sets of geometric
cross sectional propetties were used according to the changes in plate thicknesses. The concrete

deck width allowed the use of one-lane live load loading only.

BRIDGE 521

A segment of three spans was analyzed for this bridge. The cutvature is constant for this
segment with a radius of 5770.578 feet. The extetior spans had a length of 76 feet and the
middle span was 120 feet long. Using an element length of 4 inches (101.6 mm), 816 elements
were needed to build the model. The plans showed that two different sets of geometric cross

sectional properties were adequate to model the bridge. The concrete deck width allowed the

use of one-lane live load loading only.
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BRIDGE 525

This is the bridge with the least number of spans in the study. It has two spans, the first is
162.67 feet, and the second is 136.33 feet. Eight hundred and ninety seven elements of a 4-inch
length (101.6 mm) formed the model. No curvature was included in this study since it
represents 2 straight segment. The plans showed that two different sets of geomettic cross
sectional properties wete adequate to model the bridge. The concrete deck width allowed the

use of one-lane live load loading only.

BRIDGE 598

For this bridge a segment of four spans was studied. Span lengths varied from 171.5 feet to
145.5 feet. 'The total number of elements for this model was 1895, each with a length equal to 6
inches (152.4 mm). The cutvature varied for the bridge. Two radii were used to define the
geometry of the model according to the plans. The first radius was 352.95 feet, and the second
was 694.49 feet. Five different sets of geomettic cross sectional properties were needed to
model the bridge. The concrete deck width showed that only one-lane live load loading should

be considered.

BRIDGE 601

This model represented a four-span segment. The first two spans had a curvature of
304.458 feet, the rest of the bridge was straight. Span lengths varied from 133 feet to 238 feet.
An element length of 6 inches (152.4 mm) was used. The total number of elements in the model
was 1382. The plans showed that six diffcrent sets of geometric cross sectional properties were
adequate to model the bridge. The concrete deck width allowed the use of one-lane live load
loading only.
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BRIDGE 606

Three spans were considered. The exterior spans had a length of 184 feet and the middle
span was 263.67 feet long. The total number of elements for this model was 1310, each with a
length equal to 4 inches (101.6 mm). The curvature varied for the bridge. The outer parts were
curved, however, in opposite directions. In between a straight segment linked the two
curvatures. The radii of the curved parts were 2872.289 feet and 1439.894 feet. Three different
sets of geometric cross sectional properties were needed to model the bridge. The concrete deck

width showed that two-lane live load cases should be considered.

BRIDGE 607

This bridge consisted of three spans that varied in length. The extetior spans had a length
154 feet, and the middle span was 219.33 feet long. The total number of elements for this
model was 1582, each with a length equal to 4 inches (101.6 mm). The curvature varied for the
bridge. The first part of the bridge is a straight segment. Following the straight segment 2
curvature of 2857.289 feet was used. Five different sets of geometric cross sectional properties
were needed to model the bridge. The concrete deck width was enough to allow for two-lane

loading for live load cases.

BRIDGE 528

The segment considered is a five-span girder with a constant curvature of 5729.578 feet.
Span lengths varied from 158 feet to 192 feet. The total number of elements used to build the
model was 1658 each with a length of 6 inches (152.4 mm). Five different sets of geomettic

cross sectional properties were used according to changes in plate thickness. The concrete deck

width allowed the use of two-lane live loading,
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BRIDGE 537

For this bridge a segment of five-span was studied. Span lengths varied from 100 feet to 213
feet. The total number of elements for this model was 1390; each having a length of 6 inches
(152.4 mm). The curvature of 716.197 feet was constant for all the spans. Eight different sets of
geometric cross sectional properties were needed to model the bridge. The concrete deck width

showed that two-lane live load loading should be considered.

BRIDGE 538A

This model represented a five-span segment. This was a double curvature bridge having radii
of 9951.3558 feet and 1432.3945 feet. The span range was 122.5 feet to 172 feet. The curvature
changed in the third span of the bridge. 1585 elements, each of six inches (152.4 mm) in length
were used to model this bridge. The plans showed that five different sets of geometric cross
sectional properties are adequate to model the bridge. It was seen that two-lane live load loading

is possible for the given concrete deck width.

BRIDGE 538B

This was a five-span segment of bridge 538. The spans varied from145.5 feet to 211 feet.
The radius was 1432.3945 feet for first two and half spans and 2864.789 feet for rest of the
segment. The total number of elements for this model was 1762; each with a length equal to 6
inches (152.4 mm). Seven different sets of geometrical cross sectional properties were needed to

model the bridge. The concrete deck width allowed the use of two-lane live loading.

BRIDGE 538C

This was a symmetric btidge having four spans. The exterior spans had a length of 167 feet
and the interior spans had a length of 210 feet. A radius of 2864.789 feet was constant
throughout the segment. 1508 Elements, having a length of 6 inches (152.4 mm) each, were
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needed to model this bridge. The plans showed that only four different sets of geometrical cross
sectional properties are enough to model the bridge. It was seen that two-lane live load loading is

possible for the given concrete deck width.

BRIDGE 538D

This was the longest segment in all of the bridge data. The segment consists of seven spans
ranging from 121 feet to 210 feet. The radius of curvature changed from 2864.789 feet to
1432.3945 feet in the third span of the bridge. A total of 2486 elements, each of 6 inches (152.4
mm) length, were needed to model the bridge. Eight different sets of geometrical cross sectional
properties were needed to model this segment. The concrete deck width allowed the use of two-

lane live loading,

BRIDGE 539

This was also a symmetric bridge having five spans. The extetior spans were 130 feet, the
penultimate spans were 163 feet and the central span was 183.5 feet. This was a single curvature
bridge with a radius of 717.1972 feet. A total of 1539 elements, each of 6 inches (152.4 mm) in
length, were needed to model the bridge. Four different sets of geometrical cross sectional

properties wete adequate to model the segment. A two-lane live load loading was considered for

the given concrete deck width.

BRIDGE 540

For this bridge, a six span segment was studied. The spans ranged from 78 feet to 178 feet.
A radius of 953.9297 feet was constant throughout the segment. An element length of 6 inches
(152.4 mm) was used to create the mesh. The total number of elements in the model was 1661.
The plans showed that six different sets of geometrical cross sectional propetties are required to

model the bridge. The concrete deck WIdth allowed the use of two-lane live loading.

57



BRIDGE 541A

Five spans were considered. The span length varied from 125.5 feet to 207 feet. The total
number of elements for this model was 1686 each with a length equal to 6 inches (152.4 mm).
According to the plans, two radii were used to define the geometry of the model. The first radius
was 1415.7157 feet and the second was 821.511 feet. Seven different sets of geometrical cross
sectional properties were needed to model the segment. The concrete deck width showed that

two-lane live load loading should be considered.

BRIDGE 541B

This model represented a five-span segment. This was a double curvature bridge having radii
of 821.511 feet and 2117.8520 feet. The span range was 105.5 feet to 201 feet. The curvature
changed in the fourth span of the bridge. A total of 1604 elements, each of six inches (152.4
mm) in length were used to model this bridge. Eight different sets of geometric cross sectional
properties were needed to model the bridge. It was seen that two-lane live load loading is

possible for the given concrete deck width.

BRIDGE 542A

This was a single curvature bridge with six spans. The spans ranged from 144 feet to 204 feet
and the radius was 1146.9156 feet. An element length of 6 inches (152.4 mm) was used to create
the model. The total number of elements in the model was 2096. Five different sets of geometric
cross sectional properties were used to model the bridge. The concrete deck width allowed the

use of two-lane live loading.
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BRIDGE 542B

There were six spans in this bridge and the span length vatied from 114 feet to 194 feet. The
total number of elements for this model was 1834 each with a length equal to 6 inches (152.4
mm). The plans showed two radii of curvature for the bridge. The first radius was 1146.9156
feet and the second was 28648.8898 feet. Seven differenf sets of geometrical cross sectional
properties were needed to model the segment. The concrete deck width showed that two-lane
live Joad loading should be considered.

Figutes 40 through 58 show the geometry of the nineteen bridges. Each of the figures has a
plan view and an elevation view if the bridges. Table 6 summatizes the data of the analyzed

bridges.

The results obtained from the analysis of the nineteen bridges were divided into two groups.
Two sets of straining actions are reported for each bridge. The fitst set is due to the dead load
case, while the second is the results of enveloping live load cases. Each set is an assembly of all

involved straining actions as discussed before. The figutes can be seen in Appendix B.

The different approaches for determining low stress regions resulted in the figures given in
Appendix C. For each bridge five groups of stress regions ate given in addition to the fatigue
stress range which is used in identifying the regions according to Approach V. The study of
these results led to the findings listed at the end of the report. The results are also summatized
in Table 7 for the newly analyzed bridges.
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Table 6: Summary of bridge data

Span Radius of
Bridge Spans | Lanes lengths Curvature Element | Number of
length elements
Min | Max | Min Max (inches)
(feet) | (feet) | (feet) (feet)
390 5 1 180 2335 620 620 6 1923
521 3 1 76 120 5770.6 5770.6 4 816
525 2 1 1363 | 1627 | Straight | Straight 4 897
598 4 1 1455 | 1715 392.9 694.5 6 1895
601 4 1 133 238 304.5 Straight 6 1382
606 3 2 184 263.7 1439.9 2772.3 4 1310
607 3 2 154 219.3 28573 Straight 4 1582
528 5 2 158 192 5729.3 5729.3 6 1658
537 5 2 100 213 716.2 716.2 6 1390
538a 5 2 122.5 172 14324 9951.3 6 1585
538b 5 2 145.5 211 1432.4 2864.8 6 1762
538¢c 4 2 167 210 2864.8 2864.8 6 1508
538d 7 2 121 210 | 14324 | 28648 6 2486
539 5 2 130 183.5 717.2 717.2 6 1539
540 6 2 78 178 953.9 953.9 6 1661
541a 5 2 1255 | 207 8215 | 14157 6 1686
541b 5 2 1055 | 201 821.5 | 2117.8 6 1604
5422 6 2 144 | 204 | 11469 | 1146.9 6 2096
542b 6 2 114 | 194 | 11469 | 28649 6 1834
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SUMMARY AND FINDINGS

Based on the analysis of a limited number of box girders, a set of findings specific to the
bridges studied can be reported. This section is divided into two parts. In the first part a
summary of the problem is given. The conclusions from this research project are reported in

the second part.

SUMMARY

NEED FOR ACCESS HOLES IN BOX GIRDER BRIDGES

A number of existing box girder bridges in District IV of the Florida Department of
Transportation do not satisfy the NIOSH recommendations for distance between access points.
This places workers inspecting the inside of the bridges at risk and has concerned the FDOT
Safety Office. The objective of this project is to find approptiate locations for additional access

points that satisfy specific practical and structural considerations.

STRENGTHENING CONSIDERATIONS

Although some of the analyses reported have shown that strength capacity could be reduced
by as much as 15% due to the addition of an access hole, strengthening in the vicinity of the
hole is unnecessary because the locations targeted are not expected to reach their full strength.
These locations are shielded from large strength demands when other critical regions in the

bridge, namely over the support and at mid span, reach their strength capacity. On the other
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hand, the first yield moment, which is another measure of strength, can be greatly affected by
the addition of an access hole be;ause of stress concentrations. This fact is important when

considering the fatigue strength as discussed in the next section.

SPECIAL CONSIDERATIONS FOR FATIGUE

It is evident from this study that the live load stress range as specified by the AASHTO
fatigue provisions has placed restrictions on the length and location of regions that are otherwise
possible alternatives for adding access points. The analyses reported herein wete based on the
assumption that the rehabilitated bridges fall under AASHTO fatigue categoty B. Care must be
exercised when welding or bolting attachments around new access holes since this could change
the category under which the bridge falls. A thorough fatigue investigation is needed fot each

access hole location.

ACCESS HOLE LOCATION ALTERNATIVES IN A CROSS-SECTION

Three alternative locations are possible for providing access holes at any cross-section:
concrete deck, bottom flange, and web plates. The concrete deck alternative provides access
from the top to the inside of the bridge, and will require certain measures ’regarding traffic while
using the access hole. Only the portion of the deck than is not overhanging can be used to
provide access holes to the inside of the box girder and the locations of cross frames have to be
avoided for this alternative. Special consideration must be given to the possibility of water
leaking through top openings. Since the width of the flange is generally based on traffic
requirements rather than structural requirements, the concrete deck is usually minimally stressed

and is an ideal alternative from the structural point of view.

The bottom flange is where existing access holes are located. This alternative provides easy
access from beneath the bridge at the piers or abutments. Between supports, a snooper ot a

bucket will be needed to reach access holes of this type. Access holes in the bottom flange are
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not practically feasible if they interfere with flange stiffeners or cross-frames. From the structural

point of view, this alternative is generally not feasible at mid span and at supports since these

locations are heavily stressed.

The web alternative provides easy access when using a snooper for single cell bridges or edge
cells in multi-cell bridges. Access holes in intermediate cells will be hard to reach even with the
help of a snooper. In addition to cross frames, web stiffeners also have to be avoided when
placing holes in web plates. Extreme care must be exercised in locating holes in the web plates

since they are usually thin and hence susceptible to buckling.

Although the concrete deck is ideal from the structural point of view and provides for easy
access, the possibility of water leakage prohibits consideration of this alternative. The web
alternative provides no special structural or practical advantages. Based on these considerations,
it is recommended that additional access holes be placed in the bottom flanges. The section

below provides information on how to determine the most appropriate locations in all three

alternatives.

FINDINGS

For the bridges analyzed in this study, it is possible to locate areas that are stressed
minimally. From a structural point of view, these areas are considered to be the most feasible
locations for adding extra access holes with minimal effect on the structural integrity of the

bridges, and with minimum amount of work, and hence cost, needed for strengthening.

Based on the results of the finite element analyses, five different schemes are devised for
locating minimally stressed regions where additional access holes could be added without
strengthening. The construction sequence is considered in the analyses by adopting quasi-open
section properties for dead loads and closed section propetties for live loads. The five schemes
incorporate different levels of interaction between normal and shear stresses and account for

fatigue considerations. Based on the proposed schemes, suitable tegions where access hole can
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be placed without additional strengthening are identified for each bridge and the results are
summarized for all bridges considered in the investigation. In addition to bottom flange access
holes, locations are also identified for placing openings in the webs. Strengthening should be

considered for access holes located outside the proposed regions.

LONGITUDINAL ACCESS HOLE LOCATION ALTERNATIVES

The alternatives discussed in the previous section can be categorized into two types. The
first categoty includes alternatives that are affected by normal stresses; namely the Conerete Deck
alternative and the Bo#tom Flange alternative. ‘The Web alternative is affected by shear stresses. It
was found that the longitudinal location of the access holes varies greatly based on which
category is desired. The following information lists the extreme limits found for all 19 bridges
considered in the investigation. These limits should #o# be interpreted as general critetia for the
locating minimally stressed locations in any bridge. Specific data for all 19 bridges are listed in

Table 7 on page 117.

o  Normal Stress Priority. This is the more appealing choice since it targets feasible alternatives.
For the nineteen bridges considered it was found that the location of the minimally stressed
regions is not closer than 0.18L, where L is the span length. For spans that are continuous
on both sides, the location of the minimally stressed point is at a distance that ranged from
0.18L to 0.42L measured from the continuous support. First spans showed that the location
ranged from 0.20L to 0.54L measured from the continuous support. The length of the
minimally stressed region varied substantially. On average the length of the region was
found to be around 0.044L.. Spans that are continuous on both sides had a length of 0.046L,

and spans that are continuous from one side had an average region length equal to 0.040L.

e  Shear Stress Priority. Even though considered an impractical alternative, the minimal shear
stress locations are reported. These are mainly around the middle of each span where low
shear forces and torsional moments act on the girder. Some of the analyzed bridges showed
one region that satisfies all criteria in Approach IV, others had two distinct regions due to

the existence of high normal stresses around midspans. In the case of one-region spans, it
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was observed that for first spans the regions were at 2 distance equal to 0.37L measured
from the end support, and for spans continuous on both ends 0.50L. The average region
length for first spans and spans continuous on both sides was found to be 0.40L and 0.28L.,
respectively. Spans showing two regions, had an average length of 0.04L for first spans as
well as spans continuous on both ends. The location of the minimally stressed region

measured from the continuous support was found to be at 0.44L for first spans and 0.37L

for spans continuous on both ends.
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Figure 8: Overall view of the Bridge geometry




Figure 9: An inside view showing the diaphragms at support locations

Figure 10: Transition from coarse mesh to fine mesh
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Figure 15: Loading of cross section shell model.
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Figure 25: Contours of normal stresses. (positive moment without hole)

Figure 26: Contours of normal stresses. (positive moment with hole)
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Figutre 29: Contours of normal stresses. (negative moment without hole)

Figure 30: Contours of normal stresses. (negative moment with hole)
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Figure 40: Geometry of Bridge 390
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Figure 41: Geometry of Bridge 521
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Table 7-a: Summary of suggested hole locations based on Approach V

BRIDGE Location| Span-1 Span-2 Span-3 Span-4 Span-5 Span-6 Span-7
BRIDGE- 528 1.=48.1584 m | L=48.1584m | L=58.5216m 1.=48.9204m 1.=49.9204m
meters| % |meters| % |meters| % |meters % |meters{ %
Loc. Beg. 0.00{ 0.00 8.84| 15.10 8.99{ 18.38
Loc. Avg. 191 3.96 9.37{ 16.02 10.13] 20.72
Hole-1(Beg. of
ole-l(Beg- ofspan) | | knd | 381| 701 9.91| 1693 11.28] 23.05
Loc. Len. 3.81] 7.91 1.07{ 1.82 2.29] 4.67
Loc. Beg. 8.53} 17.72 9.14} 15.63 1.00{ 2.00
2
Hole-2(End of span) Loc. Avg. 8.99| 18.67 9.53} 16.28 2.83| 5.67
Loc. End 9.45{ 19.62 9.91| 16.93 4.66] 9.33
Loc. Len. 0911 1.90 0.76§ 1.30 366 7.33
’T BRIDGE- 537 L=30.48 m L=39.624m L=45.72m =64.9224m 1.=31.0896m
meters{ % |[meters| % [meters{ % | meters % meters{ %
Loc. Beg. 0.00{ 0.00 5.49f 13.85 594! 13.00f 10.97| 16.90
Loc. Avg. 3.20{ 10.50 7.241 18.27 7.39] 16.17] 11.43] 17.61
Hole-1 . of
ole-l(Beg. of span) | | End| 40| 2100] 899| 2200| 88| 1933 1180 1831
Loc. Len. 6.40] 21.00 3.51] 8.85 290 6.33 0.91 1.41
Loc. Beg. 6.25| 20.50 6.71] 16.92 1143 17.61 0.00l 0.00
Hole-2(End of span) Loc. Avg. 7.32) 24.00 7.091 17.88 12.191 18.78 2.67] 858
Loc. End 8.38] 27.50 7.471 18.85 12.95] 1995 533} 17.16
Loc. Len. 2131 7.00 0.76] 1.92 1.52 2.35 5.33| 17.16
BRIDGE- 538a L=37.338 m | L=52.4256m | L.=52.4256m 1.=52.4256m L=46.9392m
meters| % |meters| % {meters| % | meters % meters{ %
Loc. Beg. 0.00] 0.00 9.30} 17.73
Hole-1(Beg. of span) Loc. Avg. 2211 592f 10.21} 19.48
Loc. End 4421 11.84] 1113} 21.22
Loc. Len. 4421 11.84 1.831 3.49
Loc. Beg. 0.00| 0.00
Hole-2(End of span) Loc. Avg. 2.06] 4.38
Loc. End 411 877
Loc. Len. 411 877
BRIDGE- 538b 1.=46.3296m L=57.912m | L=64.3128m 1.=55.626m 1.=44.3484m
meters| % |meters] % |{meters|] % | meters % {meters| %
Loc. Beg. 0.00] 0.00] 12.34{ 21.32] 13.11| 20.38
Hole-1(Beg. of span) Loc. Avg. 229F 4931 12.80| 22.11} 13.18{ 20.50
Loc. End 457} 9.87} 13.26] 22.89} 13.26{ 20.62
Loc. Len. 457} 9.87 0911 1.58 0.15{ 0.24
Loc. Beg. 11.89] 1848 11.73] 21.10 0.00f 0.00
Hole-2(End of span) Loc. Avg. 12.34] 1919 12.27f 22.05 2.06] 4.64
Loc. End 12.801 1991 12.80] 23.01 4111 9.28
Loc. Len. 0.91 1.42 1.07 1.92 4.11] 9.28
BRIDGE- 538¢ L=50.9016 m | L=64.008m 1.=64.008m L.=50.9016m
meters| % |meters{ % |meters| % | meters %
Loc. Beg. 0.001 0.00] 13.87] 21.67
Hole-1(Beg. of span) Loc. Avg. 206 4.04{ 1425} 22.26
Loc. End 4111 8.08] 14.63] 22.86
Loc. Len. 411y 8.08 0.76{ 1.19
Loc. Beg. 13.87] 21.67 0.00 0.00
Hole-2(End of span) Loc. Avg. 14.25) 22.26 2.06 4.04
Loc. End 14.63] 22.86 4.11 8.08
Loc. Len. 0.76] 1.19 411 8.08
BRIDGE- 5384 L=49.9872m | L.=58.8264m | L=58.8264m 1.=64.008m L=64.008m | L=46.3296m | L=36.8808m
meters| % {meters] % |meters| % | meters % |meters! % |meters! % ]meters| %
Loc. Beg. 0.00] 0.00 8.38] 22.73
Hole-1(Beg. of span) Loc. Avg. 221 4.42 8.46] 22.93
Loc. End 4.42F 8.84 8.53] 23.14
Loc. Len. 442) 884 0.15! 0.41
Loc. Beg. 15.54] 24.29 8.531 13.33 7.16] 15.46 0.00f 0.00
Hole-2(End of span) | ¢ Ave: 1562 2440 991| 1548 876{ 1891 236| 6.40
Loc. End 15.70] 24.52| 11.28] 17.62{ 10.36] 22.37 4.72] 12.81
Loc. Len. 0.15 0.24 2741 4.29 320§ 6.91 4.72] 12.81
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Table 7-b: Summary of suggested hole locations based on Approach V

BRIDGE Location| Span-1 Span-2 Span-3 Span-4 Span-5 Span-6 Span-7
BRIDGE- 539 1=39.624m | L=49.6824m | L=55.9308m | 1L=49.6824m | L=39.624m
meters| % |meters] % |meters| % |meters] % |meters| %
Loc. Beg. 0.00] 0.00 9.91| 19.94] 1097} 19.62
Loc. Avg. 1.98] 5.00] 10.74] 21.63f 11.28] 20.16
Hole-1Beg-of spam) | | - 'wa | 396| 1000] 1158 2331] 1158] 2071
Loc. Len. 3.96] 10.00 1.68] 3.37 061} 1.09
Loc. Beg. 10.97 19.62 9.91] 19.94] 0.00] 0.00
Hole-2(End of span) Loc. Avg. 11.28] 20.16] 10.74] 21.63 1.98] 5.00
Loc. End 11.58] 20.71] 11.58} 23.31 3,961 10.00
Loc. Len. 0.61f 1.09 1.68] 3.37 3.96] 10.00
L=29.8704m | L=37.338m | L=54.2544m | 1.=54.2544m | L=53.6448m | L=23.7744m
f BRIDGE- 540 meters] % |meters] % |meters| % |meters| % |[meters| % Imeters| %
Loc. Beg. 0.00} 0.00 4421 11.84 14.17} 59.62
Loc. Avg. 2591 8.67 6.321 16.94 15.24f 64.10
Hole-i(Beg. of span)} | ' ‘pnd | s.18] 1735 823 2204 16.31] 6859
Loc. Len. 5.18] 17.35 3.81] 10.20 2131 8.97
Loc. Beg. 4.42] 14.80 9.30] 17.13 8.23f 15.34 0.00] 0.00
Hole-2(End of span) Loc. Avg. 4.95] 16.58 9.75] 17.98 9.60f 17.90 2211 9.29
Loc. End 5.49] 18.37 10.21} 18.82 10.97} 20.45 4.42] 18:59
Loc. Len, 1.07} 3.57 091] 1.69 2.74] 5.11 4.42] 18.59
BRIDGE- 541a L=38.2524m | L=47.3964m | L=56.5404m | L=63.0936m | L=51.6636m
meters| % |meters] % |meters|] % |meters| % [meters| %
Loc. Beg. 0.00] 0.00 8.08] 17.04 911 16121 12.04| 19.08] 14.02] 27.14
Hole-1(Beg. of span) Loc. Avg. 2.51] 6.57 968! 20.42] 10.04| 17.76] 12.80] 20.29] 14.17| 27.43
Loc. End 5.03] 13.15{ 11.28] 23.79] 10.97] 19.41] 13.56| 21.50f 14.33]| 27.73
Loc. Len. 5.03] 13.15 3.20] 6.75 1.86] 3.29 1.52] 242 0.30] 0.59
Loc. Beg. 9.30] 24.30 12.80] 20.29 0.00] 0.00
Hole-2(End of span) Loc. Avg. 9.75| 25.50 13.87| 21.98 251 4.87
Loc. End 10.21} 26.69 14.94] 23.67 5031 9.73
Loc. Len. 091 239 2.13] 3.38 5.03| 9.73
BRIDGE- 541b 1.=48.3108m | L=612648m | L.=58.3692m | 1.=44.3484m | L=32.1564m
meters| % |meters| % |meters] % |meters| % |meters| %
Loc. Beg. 0.00} 0.00] 12.50| 20.40
Hole-1(Beg. of span) I;:)c. Avg. 2211 4571 13.18] 21.52
c. End 4421 9.15] 13.87] 22.64
Loc. Len. 4421 915 1371 224
Loc. Beg. 13.56] 22.14 8.231 14.10 5.18f 11.68 0.00] 0.00
Hole-2(End of span) Loc. Avg. 13.87} 22.64 9.60] 16.45 7.01f 15.81] 13.49] 41.94
Loc. End 14.17§ 23.13} 10.97} 18.80 8.84] 19.93] 26.97} 83.89
Loc. Len. 0.6t} 1.00 2.74f 470 3.66] 8.25] 26.97] 83.89
BRIDGE- 5422 1.=43.8912m | L=54.5592m | L=54.5592m | L=62.1792m | L=53.7972m | L=50.4444m
meters| % |meters] % |meters|] % |meters] % [meters| % |meters] %
Loc. Beg. 0.00] 0.00] 1097| 20.11] 11.89] 21.79} 12.80} 20.59 9.75] 19.34,
Hole-1(Beg. of span) Loc. Avg. 220] 521 11.89] 21.79] 1227 22.49f 13.03] 20.96 10.44] 20.69
Loc. End 457] 10.42] 12.80| 23.46| 12.65| 23.18] 13.26] 21.32 11.13] 22.05
Loc. Len. 4.57f 10.42 1.831 3.35 0.76] 1.40 046 0.74 1.37] 272
Loc. Beg. 11.58] 21.23 11.58] 18.63} 13.56f 25.21 0.00] 0.00
Hole-2(End of span) Loc. Avg. 11.66] 21.37 11.96] 19.24] 14.33} 26.63 2.59] 5.14
Loc. End 11.73] 21.51 12.34| 19.85} 15.09] 28.05 5.18] 10.27
Loc. Len. 0.15] 028 0.76] 1.23 1.52] 283 5.18] 10.27
BRIDGE- 542b L=47.244m | L=47.244m =47.244m | L=59.1312m | L=43.8912m | L=34.7472m
meters| % |meters] % |meters| % |meters] % |meters| % |meters| %
Loc. Beg. 0.00] 0.00] 1265 26.77 8.08! 17.10] 10.06] 17.01] 1524 3472 6.86] 19.74
Hole-1(Beg. of span) Loc. Avg. 221] 4.68f 13.18] 27.90 8.691 18.39 10.90] 18.43] 15.39| 35.07 7.39] 21.27
Loc. End 442 9.35¢ 13.72; 29.03 9.30{ 19.68] 11.73] 19.85] 15.54] 35.42 7.921 22.81
Loc. Len. 442 9.35 1.07f 2.26 1.22{ 2.58 1.68] 2.84 0.30] 0.69 107} 3.07
Loc. Beg. 9.45] 20.00 7.921 16.77 8.53] 14.43 5.94] 13.54 0.00] 0.00
Hole-2(Ead of span) Loc. Avg. 10.21} 21.61 8.46( 17.90 9.75] 16.49 7791 17.74 2.51] 7.24
Loc.End | 1097} 2323 8.99| 19.03 10.97] 18.56 9.63] 21.94 5.03] 1447
Loc. Len. 1.52] 3.23 1.07] 2.26 244 412 3.69] 840 5.03| 14.47
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APPENDIX A

CALCULATION OF WARPING CONSTANT

In this appendix a summary of the detivation for the calculation of the watping constant,

I, is given. The details can be found in the literature (Nakai and Yoo — 1988, Guohao — 1987)

For a closed section as the one shown in Fig. 59, the applied torque, T, causes shear stress, 7.
In the case of thin walled sections, it can be assumed that 7 is uniformly distributed across the
thickness of the wall, £. ‘The relationship between T and 7 can be determined by integrating the

resultant shear flow, g = 7. t, along the perimeter of the cell as follows:
T= &Ps -q-ds

Knowing that the shear flow is constant along the perimeter of the cell, the ptevious equation

reduces to
T=2-q-4,

since
A ——l—§p -ds
€Ty N

where A, is the area enclosed by the cell.

A relationship can be established between the location of the shear center and the centroid

of the cross-section as follows:

Ps = po — Xssinf+ yscosf

Preceding Page Blank



where ps and po are the perpendicular distances from any point on the perimeter to the shear

center and the centroid, respectively. The distance between the shear center and the centroid

horizontally is X and vertically is ys. fis the angle between ps and the hotizontal axis.

Due to warping normal stresses and strains develop in the cross-section. The normal strain

can be determined by studying the shear strain ¥, whete

_9n_ ow
yzs_c?z+8s

the tangential deformation 7] is related to the angle of twist 6
n=0-ps

Unlike open sections where the shear strain is equal to zero because of the assumption that

plane sections remain plane, shear strain in closed cross sections, ., is given as

the shear strain equation becomes

, 00 ow
Yz =£9 =

t TP T

by rearranging the integration of the previous formula, we get the following expression for the

longitudinal (out of plane) displacement w is

s

w=—-9'j[ps -—% s+ w,
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and by defining 2 warping function @ as follows
w=-wb’
we now have a formula for the @ as

w=j(Ps —llt/‘ s+ (0)
0

in which @;(0) is the integration constant. This constant can be found using equilibrium of

forces associated with normal stresses. We know that due to warping

N=J0'-dF=O
F

Mx=J.y0'-dF=0
F

My=jx0'-dF=O
F

where dF = t ds. The equation for @ can be viewed as consisting of two parts, one is the closed

section part of @ and the other is the open section part. This is illustrated in Fig. 60.
The normal stress O can be determined from the normal strain using Hooke’s law
o(s,z) = Ew’ =—Ea(s)0”

which leads to

1
jardF:O : wl(O)z—FJ-wl(s)-dF=0
F F

122



Since warping calculations require the knowledge of the shear center location, it is important
to find this location first. This is achieved by using the relationship between the shear center

location and the centroid location in the following manner:
ps-ds=pp-ds—xgdssin B+ ygdscos
Ps-ds=pg-ds—xgdy + ysdx

by integrating both sides we get
O=05 =00 —Xgy+ Ygx

Using equilibrium again (moment equilibrium), we get

' I
Jyw-dF=0 : xs=——;’wi
7 w
Ixa)o
xow-dF =0 yg =——=
Ixx

where ;g and Iy are the section integrals.

Ly, =jx-w0 -dF  and Iya, =jy-a)0 -dF

F F

I, and I, are the moments of inertia of the cross-section.
The moment which develops due to the normal warping stresses is called the bimoment. It is
given by the following equation

M, = _[mo -dF =—EI 0"

F

from which the normal warping stresses can be calculated as
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These relationships define the warping constant Iy as

Im=jw~w-dF
F

The warping torsional moment is given as
T,y =—El ;0"

which leads to the following relationship with the bimoment
T, = M,

Shear stress caused by the T is given by the following equation

Ty
T=——"-—SF
i w0(s)

where Sgis the static moment with respect to warping (sometimes referred to as the sectoral
moment). This quantity is analogous to the first moment of area used in shear stress calculations
due to shear forces. The value of the sectoral moment was evaluated at different locations in the

cross section according to the following equation:

1 ds
Sw(s) = Fw(s)—(_d‘;B§Fw(s)T

whete

Fy(s)= jw(s)-t-ds
0
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Figure 60: @ diagrams of closed and open section parts
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Figure 61: Program plot of warping function (®)
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APPENDIX B

STRAINING ACTIONS FOR STUDIED BRIDGES

The straining actions of the nineteen existing bridges upon which the locations of minimally
stressed cross sections were determined are given in this appendix. These straining actions are
obtained from the beam element model. Each of the studied bridges has two sets of straining
actions diagrams. The first set shows the straining actions due to dead loads acting on a quasi-
open steel cross section. The other set is obtained from live load cases, which act on 2 closed

composite cross section. Eight diagrams are provided in each set. These are:

* Shear force in the y-direction (vertical shear), 1]
. Shear force in the x-ditection (horizontal shear), 17,
. Bending moment (about the x-axis), M,

. Bending moment (about the y-axis), M,
° Bimoment, My,

. Total torsional moment (about the longitudinal axis), T,,,, Also the following two

torsional moment components atre obtained :
e  Pure torsional moment component, T,

e  Warping torsional moment component, Ty

The hortizontal axis in these figures represents the longitudinal position on the bridge line.
To determine the location from the figutes, the ordinate needs to be multiplied by the element
length provided in Table 6.
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Figure 62: Straining actions for Br. 390 (Live load envelope)
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Figure 63: Straining actions for Br. 390 (Dead load)
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Figure 65: Straining actions for Br. 521 (Dead load)
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Figure 66: Straining actions for Br. 525 (Live load envelope)
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Figure 67: Straining actions for Br. 525 (Dead load)
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Figure 68: Straining actions for Br. 598 (Live load envclopé)
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Figutre 69: Straining actions for Br. 598 (Dead load)
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Figure 70: Straining actions for Br. 601 (Live load envelope)
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Figure 71: Straining actions for Br.

Warping Torsional Moment

601 (Dead load)
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Figure 72: Straining actions for Br. 606 (Live load envelope)
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Figute 73: Straining actions for Br. 606 (Dead load)
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Figure 74: Straining actions for Br. 607 (Live load envelope)
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Figure 75: Straining actions for Br. 607 (Dead load)
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Figure 76: Straining actions for Br.528 (Live load envelope)
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Figure 77: Straining actions for Br.528 (Dead load)
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Figure 78: Straining actions for Br.537 (Live load envelope)
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Figure 79: Straining actions for Br.537 (Dead load)
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Figure 80: Straining actions for Br.538a (Live load envelope)
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Figure 81: Straining actions for Br.538a (Dead load)
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Figure 82: Straining actions for Br.538b (Live load envelope)
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Figure 83: Straining actions for Br.538b (Dead load)
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Figure 84: Straining actions for Br.538c (Live load envelope)
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Figure 85: Straining actions for Br.538c (Dead load)
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Figure 86: Straining actions for Br.538d (Live load envelope)
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Figure 87: Straining actions for Br.538d (Dead load)
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Figure 88: Straining actions for Br.539 (Live load envelope)
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Figure 89: Straining actions for Br.539 (Dead load)
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Figure 90: Straining actions for Br.540 (Live load envelope)
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Figure 91: Straining actions for Br.540 (Dead load)
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Figure 92: Straining actions for Br.541a (Live load envelope)

159



1.5E+10
1.0E+10
5.0E+09
0.0E+00

g -5.0E+08
2 -1.0E+10
-1.5E+10
~20E+10
-2.5E+10
-3.0E+10

4.05+08
3.0E+06
2.0E+06
g 105406
£
Z 00E+00
1.0E+06
2.0E+08

-3.0E408

6.0E+08
4.0E+08

2.0E+408

¥

Z.20E408
-4.0E+08
-6.0E+08

-8.0E408

6.0E+08
4.0E408
2.0E+08

E 0.0E+00
Z.2.0E408
-4.0E+08
-6.0E+08

-8.0E+08

Bending Moment - Mx

Bending Moment - My

Total Torsional Moment

Pure Torsional Moment

Shear Force - Vy

Shear Force - Vx
1.0E+02

5.0E+01

~1.0E+02

-1.5E+02

Bimoment
1.5E+11

1.0E+11%

5.0E+10

N-mm2

0.0E+00

-5.0E+10

-1.0E+11

Torsional Warping Moment
20E+08

1.5E+08
1.0E+08

5.0E+07 1

0.0E+00 -

N-mm

501 001 1501
5.0E+07 }

-1.0E+08

-1.56+08

-2.0E+08

Figure 93: Straining actions for Br.541a (Dead load)
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Figure 94: Straining actions for Br.541b (Live load envelope)
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Figure 95: Straining actions for Br.541b (Dead load)
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Figure 96: Straining actions for Br.542a (Live load envelope)
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Figure 97: Straining actions for Br.542a (Dead load)
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Figure 98: Straining actions for Br.542b (Live load envelope)
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APPENDIX C

BEAM ELEMENT MODEL STUDY RESULTS

The results of the hole location study are given in this appendix. For each one of the
nineteen analyzed bridges, 8 figures are given. The first two figures show calculations based on
schemes I and II (see page 50 for definition). The following two figures show regions based on
schemes III and IV, while the region based on scheme V is shown in the next set. Finally, 2
byproduct of this study is the warping stresses in box girder bridges. For each bridge, a figure
showing the normal warping stress as a percentage of the maximum normal stress is given. Also

shear warping stress percentages are also presented.
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Figure 143: Warping stress ratios for Br.538b

(b)

ao,/oc., b)r,/17)

212



<60 B <45% region
— <50 . B<33% region
2 s
< I <20% region
S un ¥ 7% % % 7z =9
® <40 ¥4 ﬁ Z % v
© % Z 7 %
< i —
& ve na
> 7 7
'g <20 i ‘4
e ¥
1/ ¥
<0 —
- 1 b
1 401 801 1201
Longitudinal Position on Girder
(@)
<60 B <45% region
~ <50 I <33% region ||
e 7 7 W <20% region
2 7
g <40 / // /
'
@ <30
[
o
5 <20 4
(]
=
@ <10
<0 | . . , ~ .
1 401 801 1201

Longitudina! Position on Girder

(b)

Figure 144: Regions of low stresses for Br.538¢ (a-Approach I, b-Approach II)

213



214

B <45% region
M<33% region
W <20% region

1201
1201

T e )

e b

>
=
[}
8
£,
oY
<
£
—
=
g
Sae

@ - [}
(] =
B )< g
0} o M..
c 4 )
[+] o <
- o L S c vl
F 8 8 ® 9 Q
= =2 o0

[}
% o o
S & sl & 2
k] B [
m O R Tl N R R b T R R B R R, R A s, m n.m

=) _ =
' g %
lw S AR T B S R R, T -l “
¥
]
- S @
? ¢ 2
=
Gy
©
)
‘B
[
&
— TR AR R -.ﬂw
<
—t
- - e
8 8 9 8 8 ¢ ¢ 8 R8BI 8 KEeE° We
v vV v Y Y (%) oney ssang (eulioN =

(%) oney sseng .




1 401 801 1201
Longitudinal Position on Girder

(a)

Pa
&
T T o

1 401 801 1201
Longitudinal Position on Girder

(b)

Figure 146: Br.538c¢ (a-Live load fatigue stress range, b-Low stress regions according to
Approach V)

215



216

1201

(2}

o0

(2]

- b

B B A

o= [G] St
5 5 =
c - § m M
= 8 = m &8
T & R g
© B ~
2 2 an b
: £

o } -l

by
B s

- ~

e 3

d

=

(o) oney ssaag Buidiep jeuwsioN (%) oney ssang Buidiep Jeays




<60 B <45% region
3 <50 I <33% region
= B v W <20% region
£ <40 7 : % 7
2 ;
8 <30 : j
(7] ? ;
® <20 ;
E :
[=] /)
Z <10 ‘
. ’
0 : :
< " . .
1 401 801 1201 1601 2001 2401
Longitudinal Position on Girder
(@)
<60
B <45% region
- <50 MW <33% region
X .
< e e ll <20% region
% Z 7 ;
2 «p . 7 / / 7 7 7
3 70
g <30 - 4
v <20
3
£
@ <10 / 7
<0 4 ¢ . - . .
1 401 801 1201 1601 2001 2401

Longitudinal Position on Girder

(b)

Figure 148: Regions of low stresses for Br.538d (a-Approach I, b-Approach II)

217



218

| c c o S )
5§85 | -2 & S
? B Phsesrsssoreeobeoed 2
o o : -
X R - 5]
D ® O - ~ ]
b AR YR OO a0AANAINNINNNNY, .,//J%a//f/ﬂ////f <)
sEEn g - o,
~~ <~ B - o
& & <
o
ot
T R R TR R R R R R R R R R Y H
B O S S 5
- S %
- | © & =
e E Al B m
(O] o) <
= - f =4 ]
M P AN IR M S
Tm RN _!.rl. ARy _J.l.:. __....rJ. _t..rt. -~ .m M
z 8 S 7
mM a — - a m .m
E| & T L A
o B [
3 P s 2 &
2 4 b
- )
= 3 L5 2
=3 o 0
8
-3 TTTrrrTerTror ;u 2
—TTe e T e n.m
-
-
5 e m
Q
[~
&
-
B B s =
- : [2)
o o
8 8 § 8 8§ ¢ ¢ S RBB TR KL Wo
v vV Y v ¥ v (%) oney ssang jeuLioN i
(%) oney ssaug _




[~
I
- WAL m m
. m ﬂ m
i ety S S ]
E 8 k:
X HNLHHHEH - wva
% g
- | B
#
S 5 = . %
TE e 3z ()
A sl — © = Ti
] /ﬂﬂ. ﬁm nnnUv ..”’
5 € g
/ 5 : g
//// 58| A : m
"I S S | & R
§ £ £
/////% .m m .MoA
S - &
g 5 £
[=}
[
N 2
5 m | Wl Ww
a
\ 5
=
vy
8 8 ¢ 8 R 2 © P PEPEEpppar ]
(edi) /¥ ‘ebuey ssaiis 11 _ (BdW) 4V ‘ebuey sseng T1 i




18
£ 16
§ 14
@ 1.2
& 10
,g 08 il )
: oo o ) ,
3 041 - Y 7 .
E o2 L0 DA om BIA oo f*"’%WVT/ .,
(a)
7
g5
g4
23
5, | |
§1
° 1 401 801 1201 1601 2001 2401
Longitudinal Position on Girder

(b)

Figure 151: Warping stress ratios for Br.538d
ao, /o, b)r,/7;)

220



o
N
N
6§65 §85
33 N _
R R R
) mw om N 5 ow Wm/ =
V99 ¥y9¢9 S
EEm uom S
=
- g
o S Q.
NN 2 , g 2
/ —r
[ AN ™ 5
[ ' <
@ @ ]
B B &
W (O] o
§ § 3
- 5 N 5 ~
- O & m E=] N
(] % o © (34
N £ | ~ ‘?
o o %
3| 8 N 5| & A
B 5= <)
= 2 S
(<)) o 72}
o c [
o (e} 723
s} s | vl
L e LR S RS RSN m
W "
w2
- 3
o -
3 =4 S
-~ ¥ o
o
g
-
53
="
&N
V)
-
W - mc
0 o 0 0 0 o T T L) Ll T -
§F ¥ STV $ 398§ ¢ ¢ i
(%) oney ssans [euloN (%) opey ssaus 1eeys




222

! 1 {

i i i

1 <45% region
M <33% region
W <20% region

1201

AR R AR R RO R

1201

Figure 153: Regions of low stresses for Br.539 (a-Approach III, b-Approach IV)

e [
(7] (7]
B B
(0] o
= =
o o
[ [ =4
<] 5 8

- 5 F Q 3

873 © m
T ® i| 8
ol 8 £l =
£+ k<]
2 2
) 2
n0n (=3
S -

e ———_—_r ﬁ
- L 5
- O

= <

FESTOTEERT T RS R E R W R R,

o s e v NN R N N S A R
2 8 9 8 8§ 2 ¢ S R8BI Le-°
v V. v vV v v (%) ofey ssang jBWION

(%) oney sseng




N

Bge88gREeewo
(edW) 4V ‘eBuey sseng T

801 1201

Longitudinal Position on-Girder

401

-—

(a)

A

5%5050505050
T+ TN ONN - -

(edw) 4V ‘eBuey ssens T

801 1201

Longitudinal Position on Girder

401

-~

(b)

223

Figure 154: Br.539 (a-Live load fatigue stress range, b-Low stress regions according to
Approach V)
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