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ABSTRACT

A detailed presentation is given of the reduction, analysis and
interpretation of theoretical results obtained using a finite element
computer program CELL to analyze a series of single span, simply
supported, four cell, skew box girder bridges having varying angles
of skew and span lengths. These theoretical results are compared with
experimental results from a previous study on aluminum model bridges of
identical dimensions, This investigation of the behavior of the skew
box girder bridges includes a study of reactions, internal longitudinal
stresses, external and internal total section moments, transverse
distribution of the total moment to each girder, and the effects of the
addition of a midspan diaphragm., Both point live loads and dead load on
the bridges are considered. On the basis of these results, an approxi-
mate simplified method of analysis is proposed. Finally some tentative

recommendations for the design of skew box girder bridges are made,

KEYWORDS

Skew box girder bridges; finite element method; computer program;
bridge analysis; bridge design; bridge model; theoretical study; experi-

mental study; approximate analysis



ABSTRACT , ., . .

KEYWORDS . . ., .

TABLE OF CONTENTS

° . ° ° a ° ° e . . . ° °

° . . ° . ° ° . . ° - . . »

TABLE OF CONTENTS . & ¢ v v v o v o v . .

LIST OF TABLES

LIST OF FIGURES

1,

INTRODUCTION |

1.1 Purpose
1.2 Experim

1.3 Scope o

o ° ° ° . . . . . . . . . .

o ° . . . . . . . . °

of the Study
ental Work , , , , , . . . .

f the Study ., .

THEORETICAL ANALYSES , , , . . e e 4 .

2,1 General

2,2 TFinite

2,3 Mesh Si

2,4 Theoret

2.4,1

. ° . ° ° ° o a s ° ° . . a

Element Solution
zes and Computer Times , , |,
ical Results , , . , , . . .
Statics Checks . . . . . . .
Reactions ., ., . ., ., ., , , .
NXX Forces in Top and Bottom
Deflections , , , ., ., . . .

Total Longitudinal Moment at

Distribution of Total Moment
Individual Girders , R

s o °

2.5 Self-Consistency of Theoretical Results , .

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

3.1 General

3.2 Deflect

° ° @ . . . o - ° ° . ° ° °

ions . . . . ... . .. ..

12

. 16

. 19

22

23

23

23

23

24

28

28

ii



iit

Page

3.3 Reactions . . . . . . .. L ... 0 0.4
3.4 External Midspan Moments . . . . . « . + « « « . « . . . 49
3.5 Longitudinal Plate Forces Nxx s 924
3.6 Distribution of Longitudinal Moment

to Individual Girders . . . . . . . . + v v & o . . . . 64
3.7 Transverse Bending Moments e .. . .. . . . .75
3.8 Summary . . . . . . . . .. L. .. ... ... 82

4. GENERAL BEHAVIOR AND PROPOSED APPROXIMATE ANALYSIS ., , ., . . 84

4.1 General ., . ., . ., . .. .. ... ... ... ... 84
4,2 Reactions and Total Midspan Moment for Point

Loads at Midspan . . . . . . . v v v 4 v o o « o v . . . 85
4,3 Reactions and Total Moment for Point Loads along

the Longitudinal Centerline of Bridge . . . . . . . . . 90
4,4 Approximate Analysis for Arbitrary Point Loads . . . . . 94

4,5 Transverse Distribution of Total Longitudinal Moment . . 97
4.6 Effect of Midspan Diaphragm ., . . . . . . . . . . . . .104
4.7 Dead Load Considerations . . . . . . . o 2 o o » a o » .105
4.8 Support Conditions . . . . . ¢ « v v 4 & 4 & + & .« . . 2109
5, DESIGN CONSIDERATIONS . & & 4 4 o 4 o o + o « « o o o « « « ol14
o L - e )
5.2 Present Design Procedures . . . . . v v v o o o « « o 114
5.3 Tentative Recommended Design Procedure for Live Loads ,120

5,3.1 Determination of Critical Total Design Moment
at Any Section . . . . . v 4 . o ¢ 4 & & . . . J120

5.,3.2 Transverse Distribution of Total Moment at a
Section o o & 4 4 o o o o o« o o e 6 o s 0 4o & . 124

5,4 Design for Dead Load Moments . o« o « & o « « « o + o« o 125

5.5 Transverse Slab MomentsS . o « v & « o o o o o o o o o .126




5.6 Other Design Considerations e e e e e s e

CONCLUSIONS AND RECOMMENDATIONS FOR IMPLEMENTATION
AND FURTHER STUDY , . , ., . . . . s s e 0 4 s

ACKNOWLEDGEMENTS . . . . . . .

REFERENCES . . . ., . . « v v v o . . .

APPENDIX A

Theoretical Results from CELL Program ., , , ., . . .
MODEL 1A (45°/53,5") . . . . . ., . . . . . ..
MODEL 1B (45°/53,5") ., . . . . . . . . . ..
MODEL 2A (30°/47.4"™) . ., ., . . . . . . ..
MODEL 2B (30°/47.4") ., . . . . . . .
MODEL 3A (45°/35.5") ., . . ., . . . . . .. ..

MODEL 3B (45°/35.5™) . . . . . . . . . . . .. ...
MODEL 4A (30°/29.7") . . . . . . . . . . ... ...
MODEL 4B (30°/29.7") . . . . . . .. . . ... ...
MODEL 5A (0°/22.5"™) ., . . . . .. ... ... ...

MODEL OB (0°/69.0") , . . . . . . . .. .. o s e

Page

127

130

133

135

Al

A3

A6

. AlO

. Al3

Al7

A20

A24

A27

A3l

A35

iv



Table

4,5a

LIST OF TABLES

Title

Dimensions of Models and Prototypes,

Finite Element Solution Information o e e e e e .
Ratio of Theoretical to Experimental Midspan
Deflections Under Webs 1, 3, and 5 for Midspan
Point Load on Girders 3, 4, or 5 e e e e e e
Comparison Between Theory and Experiment for
External Midspan Moments and Reaction Couples for
a Midspan Point Load on Girder 3 e e e e e e e .
Ratio of Theoretical to Experimental External
Moment at Midspan for all Load Positions . s e o .

Ratio of Theoretical to Experimental Values of
Maximum Percentage of Total Moment at Section 0-0
Taken by Each Girder Due to a Point Load at the
Midspan Section ., ., , [ ., ., .., .. . ..
Comparison of Theoretical and Approximate Total
Midspan Moment Coefficients for a Point Load W

at Midspan Center. ., . . . , ., . , ., . . . . . ..

Maximum Negative Reaction, R4, Due to Point
Load W . . . . . . . . . ...

Comparison of Coefficients for Total Moment at

Loaded Cross-section Due to a Point Load W on

Skew Bridges and Straight Bridges . . . . . . . .

Ratio of Approximate to Theoretical Total
Moment at Midspan Section for All Point Load
POS 1tions ° o ° ° Ll ° ° 1] L] ° a o - ° o ° a ° o
Percentage of Total Longitudinal Moment at Sec-—
tion 0-0 Taken by Each Girder for Equal Loads at
All Five Points Shown . . o . . . . . 4 « v v . .

Percentage of Total Longitudinal Moment at Sec-
tion 0-0 Taken by Each Girder for Equal Loads at
All Five Points Shown . . . . & o o o . o . e o s

Percentage of Total Longitudinal Moment at Sec~-
tion 0-0 Taken by Each Girder for Equal Loads at
ALl Three Points Shown . . . .o v & & o o o » . . .

Page

17

29

52

53

76

88

90

91

98

100

101

102



Table

4.5d

Title

Percentage of Total Longitudinal Moment at Sec-
tion 0-0 Taken by Each Girder for Equal Loads at
All Thirteen Points Shown , , ., . . . . . . . . .

Dead Load Reactions in Terms of Total Load, W,
and Midspan Moments in Terms of WL , . . . . . .

Comparison of Results for Model 1A(45°/53.5")
for Supports at Corners vs, All Girders Supported

Comparison of Results for Model 3A(45°%,/35.5")
for Supports at Corners vs, All Girders Supported

Page

103

109

111

112



Figure

LIST OF FIGURES

Title

Dimensions of Prototype and 1/29th Scale
Model Cross-section . . . . v . v & W v v v & 4

Plan Dimensions of Models O through 5. . . . . .
Typical Skew Bridge . . +« +« v v v 4 o o o o o o o

Displacements and Internal Forces on a Typical
Element Taken from the Bridge . « + « + v o « o« o .

Finite Element Representation of General Box
Girder Bridge

. ° - . . ° . . e . . . . 0 . . o . .

Deck Elements Used in CELL Program ., . , e e e

Web Elements Used in CELL Program

- . ° ° . . . . .

Typical Finite Element Mesh Layout for Model 4

Division of Cross-section into Individual Girders ,

Comparison of Theoretical and Experimental Deflec-
tions at Midspan . . « « ¢ & + v v v 0 v 4 4 e o a

Component Test for Shear Slip, ., .,

Component Test for Moment Continuity , , ., ., . . .
Influence Lines for Reaction Rl for Model 1A
(45°/53,5"), Loads on Girders 1, 3, and 5, . . . .

Influence Lines for Reaction R2 for Model 1A
(45°/53,5"), Loads on Girders 1, 3, and 5, . , . .
Influence Lines for Reaction Rl (Coefficients

of W), Loads Along Girder 3 . . . . v o v & o o « .

Influence Lines for Reaction R2 (Coefficients
of W), Loads Along Girder 3 ., ., . . . v o v o « . .

Influence Lines for Reaction Rl (Coefficients
of W), Loads on Right Transverse Sections MM

and QR . . . . st e e s e e e e e e e e e e e e

Influence Lines for Reaction R2 (Coefficients
of W), Loads on Right Transverse Sections MM
and Q@ . . . . e s et s e e e e e s e e e e e .

Page
3
. 5
. 7
. 11
11
. 14
. 14
18
. 25
. 30-34
. 38
. 40
. 42
. 43
. 44
. 45
. 46
. 47



viii

Figure

3.16-3,24

3.25-3,34

3.35-3.39

Title

Total Moment on Sections Normal to the
Longitudinal Axis for a Load at Midspan Center . . .

Influence Lines for Total Midspan Moment (Coef-
ficients of WL) for Loads on Girders 3, 4, and

5 of Model 1A (457/53.5") . . . . . v + . . . .

Transverse Distribution of Axial Forces Per Unit
Width in Top and Bottom Plates (NXX) at Section 0-0

Percentage of Total Moment at Section 0-0 Carried
by Each Girder . . . . . . . « v v v v v 4 o 4 4 .

Theoretical and Experimental Transverse Plate
Bending Moments (in,-1b./in.) in Top and Bottom

Decks . 4 4 v 4 i e e e e e e e e e e e e e e e

Total Moment at Midspan for a Point Load at
Midspan Center of the Bridge . . . . . . . . . . .

Point Load on Longitudinal Centerline of Bridge . .
Point Load at Arbitrary Position on Skew Bridge . .

Deflection in Inches of Girders 1, 2, and 3 in
Model 1A due to Dead Load . . . + « + + o o o + &

Dead Load Midspan Moment Coefficient as a Function
of the Angle of Skew, © . . . . . . . . . . . . .

Standard HS 20-44 Truck of the American Associa-
tion of State Highway Officials (AASHO) . . . . . .

Typical Influence Surface for Midspan Moment in
Model 4A . . . . . & v v v v v v v et e e e e e e

Skew Box Girder Bridge Model No, 1, Span = 53,50
inches, Skew Angle =45 , . . . . . . 4 4 4 4 o W .

Skew Box Girder Bridge Model No, 2, Span = 47.43
inches, Skew Angle = 30° , ., , . . . . . v ¢ o « . .

Skew Box Girder Bridge Model No. 3, Span = 35,50
inches, Skew Angle = 45% | |, ., ., . . . 4 v o & o 4

Skew Box Girder Bridge Model No, 4, Span = 29,66
inches, Skew Angle = 30% |, ., . o & v 4 v o 0 o o o .

Rectangular Box Girder Bridge Model No, 5,
inches, Skew Angle = 0% |, . . . . . . . . e e o . .

Rectangular Box Girder Bridge Model No, 0, Span = 69,00

inches, Skew Angle = 0° |, , ., . . . . v v o u o o .

92}
go]
%)
=
i
NV
|x~]
wu
o

Page

50

51

55-63

65-74

77 ~81

87
92

95

107

108

116

123

A2

A9

Al6

A23

A30

A34



1. INTRODUCTION

1.1 Purpose of the Study

The purpose of this investigation is to provide a better under-
standing of the structural behavior of simply-supported skew box
girder bridges. The behavior of straight box girder bridges is
reasonably well established [1, 2, 3, 47 . However, the informatiZn
available on the behavior of skew box girder bridges is rather
limited. As part of the present study, ten skew box girder bridge
models were analyzed using a computer program, entitled CELL, based
on the finite element method summarized in Chapter 2. These bridge
models, with various spans and angles of skew, all had four cells
and corresponded exactly to those used in a comprehensive experimental
study conducted in 1971 at the University of California at Berkeley,
the results of which have been previously reported [57]. These models
were made from aluminum and are described in the following section.

In order to determine the validity of the analysis based on the
finite element method, theoretical results obtained using the computer
prograh CELL are compared in Chapter 3 to those found in the experi-
mental study,

Once the general agreement between theory and experiment is
established, some general observations about the behavior of four-cell
skew bridges are made in Chapter 4. This investigation of the behavior
of skew box girder bridges includes a study of reactions, internal
longitudinal stresses, external and internal total section moments,
transverse distribution of the total moment to each girder, and the

effects of the addition of a midspan diaphragm or the changing of



reaction support conditions, Both point live loads and dead load on

the bridge are considered, 1In light of this overall picture of skew

box girder bridge behavior, an effort to develop some approximate

methods of analysis, adequate for design purposes, is made in Chapter 4.
In Chapter 5, some tentative design recommendations are made

based on the results of the investigation.

1.2 Experimental Work

In an effort to provide adequate experimental data for the purpose
of validating the proposed method of analysis, the previously mentioned
study of aluminum box girder bridge models was undertaken., Results
of this experimental investigation have been presented in detail in
a previous report [5]. The utmost care was taken in the experiments
to ensure the accuracy of the results, These results were presented
in dimensionless form making them valid regardless of scale, This
makes it possible for a series of bridges to be studied from the
results of one basic model,

A linear scale of 1/29 was selected for the model study. The
cross-sectional dimensions of the prototype and the model are shown
in Figs, 1l,la, b. Fillets between the webs and top and bottom decks
were eliminated in the models for simplicity in both the experimental
study and the subsequent theoretical analysis performed in the present
investigation, The thickness of the overhang was taken as constant
and equal to that of the rest of the top deck.

The cross-sectional geometry of all ten models tested was the
same. The parameters which were varied were the angle of skew and

the span, It was also considered desirable to observe the effect
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of a midspan transverse diaphragm. Therefore, the aluminum plates
of which the models were made were fastened together using removable
screws allowing each model to be tested with and without the dia-
phragm, The letter A following the model number indicates no
midspan diaphragm existed, Conversely, the B series models all
had the midspan diaphragm,

Starting with the longest span rectangular model OB with no
skew, the model was cut back successively as shown in Fig, 1.2
yielding the models of varying span and angle of skew. The span in
each case refers to the center-line distance, parallel to the webs,
between the mid-thickness of each end diaphragm. This corresponds
to the longitudinal span between points of support,

The length of

all models, as well as their prototypes, are summarized in Table 1.1,

TABLE 1.1 DIMENSIONS OF MODELS AND PROTOTYPES
Skew Model Prototype Aspect Depth-~Span
Model Angle Span Span Ratio Ratio
(deg) (in.) (ft.) (b/L) (a/L)

OB 0 69.00 168,0 ,173 .029
1A,1B 45 53,50 129,3 . 224 .037
2A,2B 30 47 .43 114.6 .253 . 042
3A.3B 45 35.50 85.8 . 338 . 056
4A ,4B 30 29,66 71.7 .405 . 067

5A 0 22,50 54 .4 .533 , 089

A refers to models without midspan diaphragm.

B refers to models with midspan diaphragm,
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Each model was subjected to a series of vertical point loads at
various locations on the top deck of the bridge, For each model and
each load case the measured quantitites were the same and may be
summarized as follows,

(1) Boundary Reactions:

In all cases the bridge was supported on four point supports Rl
through R4 located at the intersection of the outside webs and the
end diaphragms - the intersection of the mid-thickness planes in
each case, Fig, 1.3. All four reactions were measured by load-cells,
and a static check was applied to ensure that the sum of the four
reactions equalled the applied vertical load,

(2) Internal Strains:

The right transverse section designated 0-0 in Fig, 1.3 which
is located 1 in. from the midspan was closely instrumented with
strain rosettes on top and bottom plates and on all five webs, This
enabled a complete experimental stress distribution to be derived for
this section, Two static checks were then applied to the stress
data. First, the integrated compressive and tensile forces along
Section 0-0 were compared as these should be equal, Second, the
integrated internal moment on Section 0-0 derived from the measured
strains was compared with the external moment computed both to the
left and right of Section 0-0 from the external forces (applied
loading and end reactions), These should be equal; the comparison
of left and right external moments was a further check on the ac-

curacy of the measured reactions, and the comparison of internal and

external moments being a precise check on the value of E of the material.
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This value was determined to be 10,1 x 106psi. Poisson's Ratio, W,
was assumed as 0,332,

In addition to the above-mentioned self consistency checks,
symmetrical load positions were selected so that symmetry of response
could also be checked,.

(3) Deflections:

These were measured at selected points along all five webs. The
self consistency checks on the measured deflections were based on
conditions of symmetry and reciprocity. The latter of these also
provided a check on the linearity of the system as reciprocal dis-
placements are only equal in linear systems,

Figures giving the detailed dimensions of each model separately
are presented with the theoretical results in Appendix A. In these
figures the load positions and dial gage locations are also shown

as well as the plan geometry of each model,

1.3 Scope of the Study

The scope of this investigation is meant to include only the
four cell models which were analyzed, Any results which emerge from
the study are, in the strictest sense, valid only for bridges similar
to the prototypes of these models, This is especially true with
regard to the plan aspect ratio (width to span) and the depth to

span ratio of any bridge in question. Preliminary studies of bridges

with fewer cells and smaller aspect ratios indicate they behave quite
similarly to the four cell bridges discussed in this report. However,
preliminary studies of six and eight cell bridges with larger aspect

ratios than the four cell models indicate that these bridges might




behave somewhat differently, Further study of these bridges must be

made before additional conclusions can be made concerning their struc-

tural behavior,
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2. THEORETICAL ANALYSES

2.1 General

An analytical solution of the true response of a concrete box
girder bridge is complicated by factors common to many structural
systems, A reinforced concrete bridge experiences cracking under
increasing load and a subsequent redistribution of internal forces
occurs, In addition, the internal forces are time-dependent because
of creep and shrinkage in the concrete, Nevertheless, as for other
reinforced concrete systems, such as frames, slabs, and shells, it
is generally accepted that for design purposes, the distribution of
internal forces, moments and displacements in a box girder bridge
due to applied loads can be based on an elastic analysis of an un-
cracked homogeneous concrete system.

In a complete analysis of multi-cell box girder bridge, all of
the internal forces and displacements shown on a typical element in
Fig, 2.1 taken from a deck or web plate of the bridge should be
determined, The internal forces Nxx’ Nyy’ and ny are termed membrane
forces while Mxx’ Myy’ Mxy’ Qxx and ny are internal forces due to
plate bending, In many approximate analyses certain internal forces

are assumed to be negligible and are thus taken as zero,

Many analytical models and methods have been developed for analyzing

box girder bridges. Among these are approximate methods based on
simplified structural behaviour such as the use of an equivalent beam
grillage or anisotropic slab to represent the system; exact and ap-
proximate methods based on folded plate theory; and numerical solu-

tions based on finite element or finite difference methods. No



11

N;y Nxy

a. DISPLACEMENTS  b. MEMBRANE FORCES c¢. PLATE BENDING FORCES

FIG. 2.1 DISPLACEMENTS AND INTERNAL FORCES ON A TYPICAL
ELEMENT TAKEN FROM THE BRIDGE

FRAME ELEMENT

QUADRILATERAL
ELEMENT

THREE DIMENSIONAL
FRAME

FIG. 2.2 FINITE ELEMENT REPRESENTATION OF GENERAL BOX
GIRDER BRIDGE



12

attempt will be made to review all of these methods here,

2.2 Finite Element Solution

The finite element method has been described extensively in
the literature during the past decade. A comprehensive discussion
of the theory and application of the method is given in the book
by Zienkiewicz [6]-

In the finite element method the actual continuum is replaced
by an assembly of finite elements interconnected at nodal points
(Fig. 2.2). For a general box girder bridge system, the finite
elements may consist of two dimensional shell or plate elements
aﬁd transverse or longitudinal one dimensional frame type elements,
Stiffness matrices which approximate the behavior in the continuum,
are developed for the finite elements based on assumed displacement
or stress patterns, after which an analysis based on the direct
stiffness method may be performed to determine nodal point dis-
placements and thence the internal stresses in the finite elements,
It should be recognized that the accuracy obtained is dependent on
the assumptions used in deriving the stiffness matrices and on the
fineness of mesh used in subdividing the structure. As generally
applied, the results obtained closely satisfy compatibility, but
not necessarily equilibrium in the continuum until a sufficiently
fine mesh is used.

A number of investigators have developed general shell programs
which could be used for analyzing box girder bridges, However, if

available, it is better to use special purpose programs which take
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advantage of the repetitive and special nature of these structures.
These should provide the required accuracy in the results with a
minimum of the following: (1) required amount of input preparation;
(2) execution time and core storage in the computer; and (3) amount
of output data reduction necessary for meaningful interpretation,.
Thus, because of the complexities of the skew box girder bridge
system, the finite element method was selected to obtain an anglyti-
cal solution for the models described in the previous chapter, The
desired features were found to be incorporated in a program named
CELL developed in 1970 at the University of California, Berkeley
[7, 9]. Detailed information on the program CELL including input-
output specifications and a FORTRAN listing may be found in reference
[7]. This program analyzes cellular structures of constant depth
with arbitrary plan geometry, The structure must be made up of top
and bottom decks and vertical webs. Two different finite element
types are used to capture the main behavior of the deck and web
components, Orthotropic plate properties and arbitrary loadings
and boundary conditions can be treated. Automatic element and
coordinate generation options minimize the required input data.
The deck slabs are idealized by quadrilateral elements having
a total of 5 degrees of freedom (DOF) per node, 3 translations and
2 rotations (Fig. 2.3). The in-plane action of the quadrilateral
elements is represented by the plane stress mixed model Q8DI11 having
2 translation DOF at each external corner node and 3 internal DOF
(Fig. 2.3a). The mixed model is constructed using separate expansions

for the displacement and strain fields. The variations of the u and v
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components of the displacement field are approximated by the standard
bi-linear expansion for the 8 corner node DOF and by bi-quadratic
expansions for 2 of the internal DOF, The third internal DOF is
used to enforce a constant shear-strain variation over the entire
element, which produces a more flexible and better element, After
the element stiffness is formed the 3 internal DOF are eliminated

by an internal static condensation process, The quadrilateral plate
bending element Q19 (Fig. 2.3b) used for the deck slabs has been
described in detail by Clough and Fel ippa [10], This compatible
element is made up of four subtriangles, each of which has 11 DOF
associated with full cubic expansions of the w-displacement field
and an enforced linear variation of the normal slope along one edge.
In combining the four sub-elements, a quadrilateral with 19 DOF is
obtained. However, the 7 internal DOF are eliminated by static
condensation leaving the essential 3 DOF at each corner node, 2
rotations and a translation (Fig. 2.3b).

The vertical webs of the bridge are idealized by special rec-
tangular spar elements having a total of 5 DOF at each corner node,
3 translations and 2 rotations, A single element over the entire
depth of the bridge can be used to capture the essential behavior
of the web., The in-plane action of these elements is represented by
the model QUSP12 (Fig., 2.4a). A bi-linear expansion for u and v is
associated with the 2 translational DOF at each node and a cubic
variation in the x-direction of v is defined by the rotation
Gzi=av/6x at each node. The plate bending is represented by

a simple one-way bending element ONEW having 2 DOF
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at each node, a rotation and a translation (Fig. 2.4b).

2,3 Mesh Sizes and Computer Times

Of particular interest in finite element solutions are the mesh
size used and the computer time needed to obtain the solution. This
information for the models analyzed in this study using a CDC 6400
computer is summarized in Table 2.1.

A typical top deck mesh layout for Model 4 is shown in Fig, 2.5.
A different layout could have been used incorporating parallelogrammic
elements only. However, studies have shown that more accurate results
are obtained using rectangular elements with triangular elements
only at the supports to accomodate the skew boundary, While arbi-
trary quadrilateral elements can be used with the CELL program, highly
skewed elements should be avoided. Fig, 2.5 indicates that the ele-
ment sizes are not constant along the length of the bridge. The
mesh is finer near the reactions and at midspan, The finer mesh
yields more accurate results in these regions of particular interest.

1 "

"a x b'". The number "a" refers

Table 2.1 lists mesh sizes in the form
to the total transverse number of elements in the top deck. The
second number, "b", is twice the total longitudinal number of ele-
ments between an acute reaction point and midspan. Bottom deck
elements correspond to top deck without the over-hangs, The two
decks are connected by vertical web elements along each of the five
longitudinal web lines and at the end and midspan diaphragms, Figs.
1,3 and 2.5,

The number of equations in Table 2.1 corresponds to the total

number of degrees of freedom in the system, The bandwidth tis
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indicative of the coupling between these equations. The solution
time is a function of both these factors, The CP (central processing)
time is actual computation time in the central computer while
PP (peripheral processing) is the time used for input and output of
‘data. Notice that the solution of the first load case takes much
more time than each of the subsequent load cases. The time taken
for the first load case includes the input of all data, and the
assembly and reduction of the global stiffness matrix to yield a
solution of the equations for the first load vector. Thereafter, for
each additional load case, only the input and solution for a new load
vector, utilizing the reduced global stiffness matrix obtained in
the solution of the first load case, takes place,

In Table 2,1 two sets of information are shown for models 1A
and 1B, These models were run with both a ccarse and a fine mesh,
The difference in the results obtained with the fine mesh as com-
pared to those with the coarse mesh was not significant., However,
the cost was approximately four times as great. Approximate total
costs using the University of California Computer Center CDC 6400 were
$110 for the coarse mesh run and $400 for the fine mesh run. Both
runs were made for a total of 13 load cases. Because of the cost
factor all models other than 1A and 1B were analyzed using only the

couarse mesh,

2.4 Theoretical Results

The output produced by CELL for each problem is summarized as

follows:
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(1) Input Echo:
All input data is printed out and properly identified,

(2) Nodal Displacements:

All global displacements are output at the nodes of the top
and bottom deck. The five components u, v, w, GX and By are listed
sequentially for each node.

(3) Nodal Forces:

This information yields the reactions to the loading and gives
an insight into the round-off error and the magnitude of the residual
forces at all nodes,

(4) Internal Forces at Center of Deck Elements:

Both stresses and moments are computed and printed at the center

of deck elements.

(5) Internal Forces at Nodes of Deck Elements:

Internal forces and moments at the node of each element, averages
at a node from contributing elements and associated principal stresses
and moments, and their directions are computed and output for specific
nodes if the user desires.

(6) Internal Forces in Web Elements:

L Again, the user may request the internal force contributions

and their averages at specified nodes for both transverse and longi-

tudinal web eléments.

(7) Direction of Internal Forces (for deck elements only):

This feature allows the user to obtain the values of the normal

stress resultants for any specified angle from the global x - axis,

This capability simplifies arbitrary equilibrium checks, e.g. for
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skewed box girders at a section parallel to skewed supports,

(8) Log of Problem:

Each problem is terminated with a summary listing of execution
times in various sections of the program, number of degrees freedom,
bandwidth, etc.

(9) Punched Output:

In addition to the printed output for each problem the user
may request that pertinent data be punched on cards.

For all the models analyzed in this study the punched output was
further processed for the purpose of simplified interpretation and
easy comparison with the previously mentioned experimental results.
These final results are presented in Appendix A in the form of
computer output tables from the data processing program. In addition,
the presentation of each specific result in Appendix A is explained
below,

In order to preserve the most general applicability of the
results, the data is presented in dimensionless form, Thus, it is
possible to utilize these results for any value of loading, elastic
modulus, or span of bridge. However, it must be re-emphasized here
that the data should be applied only to box girder bridges of similar
geometry to the prototypes of the models., 1In the tables in Appendix A,
any response quantity which involves the size of the bridge is refer-
enced to the length, L., This refers, for convenience, to the center-
line span of the bridge. This variable controls all other dimensions
of the bridge, If, for example, one wishes to apply the results from a
model of a certain span to another bridge of longer span, the cross-

sectional geometry of the longer bridge must correspond by the same
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proportion as the span to that of the model.

2,4.1 Statics Checks

Three independent checks of the static equilibrium of each
model were tabulated in the data processing program.

1) Vertical Forces:

The vertical reactions were extracted from the nodal force vector
and compared to the total applied load which in all cases was unity,
Thus the sum of the reactions RL through R4 would also ideally be
unity. A measure of this accuracy is presented as a ratio of applied
load to the sum of the reactions, Perfect agreement yields a ratio
of unity.

2) Internal Longitudinal Forces at Section 0-0:

Since there were no applied external horizontal loads in any of
the cases, the sum of the tensile forces at section 0-0, Fig. 1.3,
should be exactly equal to the sum of compressive forces. Values for
compressive or tensile forces were available as the nodal averages of
element forces. A linear distribution was assumed between nodes and
an integration procedure was used to obtain the total tension and
compression forces at section 0-0, The ratio of total longitudinal
compression force to longitudinal tension force is tabulated for each
load case. Again, in the ideal case, this ratio approaches unity.
3) Moments:

The total longitudinal moment at section 0-0 can be computed

in two different ways. First, the total internal moment is found by
multiplying the distance between the longitudinal tensile and com-

pressive resultants by the average value of these two forces. Secondly,




the external moment can be found as the sum of the reactions and the
applied load either on the "right" or "left" of section 0-0 times
their respective lever arms. The data processing program averages
the "right" and "left" moments to obtain the external moment at
section 0-0. The ratio of the internal to external moment is

tabulated and perfect agreement is signified by a value of unity.

2.4.2 Reactions
Each reaction, Rl through R4, is expressed as a coefficient of
the applied load, W, and tabulated for each load case. The sum of

the reactions is also shown.

2.4.3 Nxx Forces in Top and Bottom Plates:

The NXX forces in the top and bottom plates are the longitudinal
forces per unit width and are calculated at the nodes from the average
of the adjacent element forces as mentioned previously, These values
are tabulated for each load case. The transverse location of the
various NXX values is expressed as the distance, S, in inches from
the edge of the top slab divided by B, the total width of the top

slab, All values of NXX are expressed as coefficients of W/L.

2.4.4 Deflections
The deflections at points corresponding to dial gage positions

shown in Appendix A are given. Downward deflection is considered

positive and all values are in terms of 1000 W/EL.

2.4,5 Total Longitudinal Moment at Midspan

Values expressed in terms of WL were obtained from the average
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of the "right' and "left' external moment computed from the applied

load and reactions,

2.4.6 Distribution of Total Moment to Individual Girders:

In order to determine the transverse distribution of the total
longitudinal moment at section 0-0, the actual box girder bridge
cross-section is first divided into a number of similar interior I
girders plus two exterior girders, Each interior girder consists
of a web and a top and bottom flange equal in width to the web
spacing, while each exterior girder consists of an exterior web
with a top flange extending from the midpoint between girder webs to
the edge of the cantilever overhang and the bottom flange being equal
in width to half of the web spacing. Thus the bridge model, shown
in Fig. 2.6, has three interior girders 2, 3 and 4 and two exterior
girders 1 and 5.

The girder moment at any section taken by an individual girder
can be found by integrating the longitudinal membrane stresses, over
the proper slab and web areas to obtain forces and then multiplying
these forces by their respective lever arms to the neutral axis of
the gross uncracked section, The small contribution of the longi-
tudinal slab moments is also included. The girder moments, at a
particular section, can then be summed to determine the total moment
on an entire cross-section., Each girder moment can then be divided
by the total moment at a section to determine the percentage distri-
bution to each girder. These values are given in Appendix A for each

case studied,
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| I 0 1 | J 1 J L )|
| 1 [ 1 1 C

GIRDER
NUMBER @ @ @ @ TOTAL
MOMENT OF 0.753 1,086 1,086 .086 0.753 4,764
INERTIA (in4)
% OF 15.8 22.8 22.8 22.8 15.8 100,00
TOTAL T

FI1G. 2.6 DIVISION OF CROSS-SECTION INTO INDIVIDUAL GIRDERS

Fig. 2.6 shows the individual moments of inertia for the various
girders, Further, the percentage of the total moment of inertia of
the entire cross-section contributed by each girder is tabulated.
These percentages correspond to the ideal load distribution of the
total moment on a section to each girder which would exist if the
longitudinal stresses on the section had a uniform transverse distri-

bution,

2.5 Self-Consistency of Theoretical Results

The first step in determining the accuracy of the theoretical
results is to check their self-consistency. This procedure involves

two independent checks:
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(1) Statics Checks

The three statics checks tabulated in Appendix A for each model
ensure that the theoretical results satisfy equilibrium, The ratio
of applied load to reactions is unity for all models and load cases,
Internal longitudinal tension and compression forces balance to
within 2,5% as do internal and external moments, Indeed, most values
agree within 2%, Since the finite element method utilizes a displace-
ment model it only approximately satisfies equilibrium of forces
across element interfaces, In general, as the mesh size is refined
greater and greater accuracy is obtained,

(2) Reciprocity Checks

In any linear analysis the law of reciprocal displacements
should be satisfied, Most simply, this law states: a unit load at

LA " 1"

point i produces a displacement at '"'j ' which is identical to the
displacement at "i" due to a unit load at "j'"., In all models this
check can be performed for load positions 1, 3, and 5 indicated in
the figures in Appendix A, In models 2 through 5 load positions 6,
8, 10 and 13 may also be utilized, Checking the theoretical results
reveals that this condition is simulated very well by the finite
element model, 1In general, agreement is within 1%,

In determining the self-consistency of the experimental results
an additional check of symmetry was made, All the models possess
geometric symmetry about an axis normal to the plane of the bridge
passing through midspan center, Thus, load position 3 should produce

symmetrical forcés and displacements, Also, load positions 1 and 5,

as well as 2 and 4, are a symmetrical pair and should render exactly



the same results on corresponding symmetrical points on the models,
The experimental results satisfied the conditions of symmetry very
well, Since the finite element mesh is also symmetrical the theoreti-
cal results automatically reflect the requirements of symmetry,
Consequently, this condition can only be used to detect input errors
in the theoretical analysis and is not otherwise significant,

The statics and reciprocity checks reveal no serious inconsis-
tencies in the theoretical results, This fact in itself, however,
does not effectively validate the overall applicability of the method
to skew box girder bridges., The finite element model only simulates
reality., The accuracy of this representation will be studied in the
next chapter by comparing the theoretical results to the experimental

results found in testing the aluminum models,

27
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3. COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS

3.1 General

In this chapter the theoretical results are compared with the
experimental model results. Perfect agreement, of course, cannot
be expected. The finite element method utilizes an idealized ana-
lytical model, which can only simulate the true skew box girder bridge
behavior, The experimental model also only simulates a true bridge
and the experimental results are dependent on the accuracy with
which the physical model is made, The results are also subject to
human error in the setting up, gaging and performing of the model
tests, Thus, the purpose of this chapter will be to show that
theory and experiment exhibit generally good agreement for each of
the particular models in their predictions of external reactions,
internal forces and longitudinal moments, However, significant dif-
ferences between theory and experiment exist for deflections and the
causes of these discrepancies will be discussed, Also, general trends
in the behavior of skew bridges will become apparent and are scrutin-

ized in the following chapter.

3.2 Deflections

The most significant disagreement between theoretical and ex-
perimental results occurred in the comparison of deflection values,
This comparison is given in Figs., 3.1 to 3.5 and also in Table 3.1
for midspan point loads acting on Girders 3, 4 or 5. It is evident
that the experimental model was more flexible than the theoretical

model, with the percentage difference between deflection values
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generally increasing as the span becomes shorter or the angle of
skew is increased. For deflections o n the loaded half of the
cross—-section, therefore AS and A5 in Figs. 3.1 to 3.5 and Table
3.1, which are the values of significant magnitude, Table 3.1
shows that the discrepancy ranges from 8% in the longest model OB
to 27% in the shortest model 54, with values for all other bridges
falling somewhere in between these extremes,

Figures 3.1 to 3.5 compare, side by side, the results for each
particalar model without (A models) and with (B models) a midspan
diaphragm. It can be seen that the addition of =a diaphragm decreases
the deflection under the loaded girder with the effect being most
pronounced as the span becomes shorter or the skew angle is increased.
Comparing theoretical and experimental values for the B models it
again appears that the diaphragm in the experimental model is more
flexibie than in the theoretical model,

Deflections in a box girder bridge under arbitrary point loads
are due to a complex mixture of the contributions from deformations
due to longitudinal bending, transverse bending, shear and torsion,
For a long span box girder bridge, the longitudinal bending stiffness
and to a lesser degree the torsional stiffness of the overall cross-
section play the dominant roles in the deflection response of the
bridge. The bridge tends to behave somewhat like an ordinary longi-
tudinal beam., However, as the span gets shorter, the transverse
bending stiffness and shear stiffness become increasingly important
to the deflection response, The load distribution and correspondingly

the deflections in box girder bridge under an arbitrary point load



are highly dependent on the ratio of the transverse to longitudinal
stiffnesses of the bridge, An increase in this ratio, such as
occurs if the span is increased or if the plate thicknesses are
increased, improves the load distribution in the bridge resulting
in a more uniform distribution of deflections across the width of
the bridge.

Since the experimental model yielded higher deflections than
the theoretical model with differences ranging from 8% for the
longest span to 27% for the shortest span, it would appear from
the preceding discussion that a significantly greater difference
must have existed between the transverse stiffnesses than between
the longitudinal stiffnesses in the experimental and theoretical
models,

At the time of publishing the report [5] on the experimental
studies, it could not be determined whether the difference was due
to an undesired increased flexibility in the screwed experimental
model or due to an undesired increased stiffness in the theoretical
finite element model. Subsequent, to the publication of reference
[5] and in preparation for a similar experimental study on a curved
aluminum model, some important evidence pertinent to the discrepancy
between theoretical and experimental deflections for the skew bridge
models was uncovered, The curved bridge model was to be constructed
using a special cement (Aerobond 3041) to fasten the top and bottom
deck to the webs instead of the screws used in the skew modei. Sev-
eral tests were conducted to compare the two methods of connection

to the theoretical response of a homogeneous specimen,
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Figure 3.6 presents the results of a component test on a simple
span I-beam specimen similar in cross-section to an individual
girder taken from the bridge. The glued épecimen and the screwed
specimen are both somewhat more flexible than theory. Both flexural
and shear deformations were included in calculating the theoretical
deflection. For the 20 in. span used in Fig. 3.6 the contributions
were 88% due to flexure and 12% due to shear. These percentages
would, of course, change if the span were varied. It can be seen
in Fig. 3.6 that the upper portion of the glued specimen curve 1is
nearly parallel to the theoretical curve., The bottom portions of
both the glued and screwed specimen curves are slightly non-linear
suggesting some initial slippage of the supporting testing frame
used in the experiment. A so-called preload was applied to eliminate

1

this "slack" in the testing system. The nonlinearity of the two
experimental curves indicates that this preload should have been
larger. If the linear portions of the experimental curves are
extended downward to the deflection axis, the net deflection due to
system slack can be found as the distance from the point of inter-
section with the horizontal axis to the origin. If the slack is
deducted from the experimental values the glued specimen is about

4% more flexible than theory. The screwed specimen, however, differs
from the theoretical curve by about 9% which approximates the differ-
ence between experiment and theory found in the long span box girder
bridge models,

These results indicate not only that the screwed test models in

the bridge were considerably more flexible than theory, but also that
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a part of the observed experimental deflections may have been due to
initial slippage of the testing frame. A preload of 100 lbs, was
used for all models tested, This preload may have been too small to
eliminate the slack. This slack would be independent of span and
would constitute a larger percentage of the deflection in the shorter
bridges, This might also partially explain the changing percentage
difference between theory and experiment as the span was shortened.

A second component test to compare transverse stiffnesses was
performed as illustrated in Fig, 3.7. Here a 1.5 in. long strip
of the bridge cross-section was tested as a vierendeel rigid frame
spanning transversely between simple supports under the two exterior
edges of the bridge. Once again a theoretical analysis was made,
with the aid of a computer frame analysis program, assuming a
homogeneous system and the results compared with those found experi-
mentally for a glued specimen and a screwed specimen, Results from
the glued specimen compared almost exactly with theory. However,
comparing theory with experiment for the screwed specimen which was
similar to that used in the skew model, the ratio of theoretical to
experimental deflection is about 0,68 or a 32% difference., This
indicates as postulated earlier that a much greater difference between
theory and experiment existed for transverse stiffness than for longi-
tudinal stiffness. Despite the great care exercised in the experi-
mental study, the screwed connections prevented a true simulation of
the homogeneous and monolithic system assumed in the theoretical model

resulting in the observed discrepancy between theoretical and experi-
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mental deflections, It is concluded that if a glued system had been
used, the agreement in deflections would have been much better. Pre-
liminary results from the curved bridge model study seem to verify
this conclusion and thus it is felt that the finite element program
CELL can be used to adequately predict the deflections of skew box

girder bridges,

3.3 Reactions
The theoretical and experimental reactions for all models and
load cases compare relatively well, In both theory and experiment
no difference in reactions between models with and without diaphragms
was found. Therefore, results only for models without diaphragms are
presented in Figs, 3.8 to 3,13 and are discussed further in this section,
It can be seen in Figs, 3.8 and 3.9 that there is very little
difference between theoretical and experimental influence lines for
reactions in Model 1A for loads on girders 3 and 5. The differences
are somewhat larger when the load moves along girder 1, The influence
lines for the other models are very similar and are partially illus-
trated in Figs, 3.10 to 3,13, Some indication of the behavior of
skew box girder bridges can be seen in Figs. 3,10 and 3,11 by comparing
the influenc2 lines for skew models 1A through 4A to the straight
model 5A., The sum of reactions Rl and R2 is always given by taking
moments about an axis through R3 and R4, Thus, for a load on girder 3
on the straight bridge, 5A, the reactions Rl and R2 are always equal,
With the supports skewed, however, the reaction R2 at the obtuse corner
is larger than Rl at the acute corner. The difference between R2 and

Rl becomes greater as the angle of skew increases, Figs, 3,12 and 3.13
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FIG. 3.14 TOTAL MOMENT ON SECTIONS NORMAL TO THE
LONGITUDINAL AXIS FOR A LOAD AT MIDSPAN
CENTER
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4, AND 5 OF MODEL 1A (459/53.5")
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TABLE 3.2 COMPARISON BETWEEN THEORY AND EXPERIMENT FOR EXTERNAL MIDSPAN
MOMENTS AND REACTION COUPLES FOR MIDSPAN POINT LOAD ON GIRDER 3

Model M M Cp cE Mo-Mp, | CL-C,
1A(45°/53,5") .178 .183 | -.072 ~-.065 .005 .007
2A(30°/47.4™) .214 .217 -.036 -.032 .003 , 004
3A(45°/35,5") .168 .179 | -, 081 -.071 | .011 .010
4A(30°/29.7") .209 .218 | -,041 -.034 | .009 . 007
5A(0°/22,5™) . 250 .252 0 0 ,002 0

=
n

Theoretical midspan moment; ME = Experimental midspan moment

Q
]

Theoretical reaction couple; CE = Experimental reaction couple

* All values in terms of WL

Notice that the difference between theoretical and experimental
external moments at midspan is essentially the same as between the
corresponding reaction couples as would be expected,

Table 3.3 shows that this trend extends to most other load cases,
It can be seen that the difference between theory and experiment in
the prediction of the external midspan moment is generally very

small.

3.5 Longitudinal Plate Forces NXX

As previously noted in Section 2.5 on the self-consistency of

-theoretical results, the correspondence between internal and external



TABLE 3,3 RATIO OF THEORETICAL TO EXPERIMENTAL EXTERNAL
MOMENT AT MIDSPAN FOR ALL LOAD POSITIONS

6e e
7e 2e
Ile 8e 3e
i2e Se 40
13e I0e S5e

Load Position at Midspan Section
Model
1 2 3 4 5
1A(45°/53,5™) .93 .97 .97 .98 .96
2A(30°/47.4™) .96 .99 .99 .99 .99
3A(45°/35,4™) .93 .94 .94 .96 .96
4A(30°/29.7") .97 .95 .96 .96 .98
5A(0°/22,5") 1,00 1,00 .99 .99 .98
Load Position Near Quarter Span
Model
6 7 8 9 10
1A(45°/53,5") .90 .94 .98 .94 .99
2A(30°/47.4™) .94 .96 .97 .99 .98
3A(45°/35,4") .87 .89 .91 .95 .94
4A(30°%/29,7") .93 ,92 .93 .95 .97
5A(0°/22,5") .98 .98 .97 .96 .96
Load Position Near Supports
Model
11 12 13
1A(45°/53,5") W77 .80 .93
2A(30°%/47.,4™) .92 1.00 1.00
3A(45°/35,4™) .82 .92 .93
4A(30°/29,7™) .88 .91 .97
5A(0°/22,5™) - - -




theoretical moments at midspan was very close, This comparison for
experimental values was also very good, Consequently, theoretical
and experimental internal moments should exhibit a comparison similar
to that already described for the external moments at midspan,
Figures 3.16 to 3.24 show computer plots of theoretical and experimental
NXX forces at Section 0-0, While this section is not directly at mid-
span it is close enough to reflect the response at midspan very well,
It can be concluded from studying Figs. 3,16 to 3,24 that the agree-
ment between theory and experiment for NXX is generally very good.
As might be expected in light of the comparison between theory and
experiment for external moment at midspan, the experimental plate
forces are slightly higher than theory in most cases, The corresponding
theoretical and experimental curves for all models without diaphragms
under the same point load position are of the same general shape with
some differences in magnitude near the load point. The theoretical
plate forces at the load point seem to be consistently higher than
experimental. This slight difference is probably due to the
coarse mesh usgedr in the finite element analysis, However, when
averaged over the width of the.top and bottom deck the experimental
forces are higher by approximately the same percentages as the experi-
mental external moments.

Notice that in models with the midspan diaphragm the curves are
much flatter indicating the improved distribution of internal forces
which one would expect. The experimental results still show a slight

peaking in the loaded region, This indicates that the experimental

diaphragm was more flexible than its counterpart in theory. Similar
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to the A series models without diaphragms, the averaged plate forces
for the B series models with diaphragms show the same comparison
between theory and experiment as the external moments,

It is interesting to note that for a given load position the
shape of the transverse distribution curve for NXX seems to be
nearly independent of span and angle of skew, The curve merely
shifts upward or downward as the span or skew increases or decreases,
The curves for the various models remain roughly parallel., This
is especially true for loads near the center of the bridge. Thus,
the departure of the curve from a uniform transverse distribution is
primarily due to local bending effects and not the span or angle of

skew as might have been expected.

3.6 Distribution of Longitudinal Moment to Individual Girders

Of particular interest, especially for design purposes, are the
percentages of the total moment at a section carried by each girder
in the box section (see Fig. 2.6). These percentages are directly
related to the transverse distribution of longitudinal plate forces
just discussed, Again, for the purpose of comparison with experimental
results, these percentages were theoretically determined for section 0-0
which was one inch from midspan. Fig. 3.25 to 3.34 illustrate the
general agreement between theory and experiment for loads at midspan,
The difference between theory and experiment is rarely greater than

2% of the total moment at the section, It should be pointed out,

however, that a difference of 2% with respect to the total moment
could cause a difference of up to 10% in the actual moment carried

by an individual girder. Nevertheless, the agreement is more than
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adequate for design purposes.

Table 3.4 presents a summary of the ratio of theoretical to
experimental maximum percentages of the total moment at Section 0-0
taken by each individual girder, These maxima occur when the girder
being considered has a midspan point load acting directly on it, It
can be seen that for bridges without diaphragms the differences bet-
ween theory and experiment range from O to 7% except.for one case,

For bridges with diaphragms the differences range from O to 15%.

For loads off the midspan section the agreement between theory
and experiment is even better, as results for both approach a dis-
tribution of 15.8% for exterior girders and 22.8% for interior girders
corresponding to a uniform stress distribution across the entire width
of the bridge, as indicated in Fig. 2.6,

3.7 Transverse Bending Moments

Although the transverse plate bending moments are not tabulated
in Appendix A, the values at Section 0-0 are presented graphically
for models without diaphragms in Figs. 3.35 to 3.39 along with the
experimental curves, The "CELL'" output gave values at each intersection
of a web and top or bottom deck. The variation of transverse moment
in the top or bottom deck between webs is not necessarily linear, The
experimental results show a linear trend, however, It is reasonable to expect
a similar shape for the theoretical curve and the line connecting the
values is drawn for purpose of comparison,

Theory and experiment compare fairly well except, perhaps, in
Model 1A, Again, the divergence is probably attributable to the

greater transverse flexibility of the experimental models discussed in



TABLE 3.4 RATIO OF THEORETICAL TO EXPERIMENTAL VALUES OF MAXIMUM
PERCENTAGE OF TOTAL MOMENT AT SECTION 0-0 TAKEN BY EACH
GIRDER DUE TO POINT LOADS AT THE MIDSPAN SECTION

Girder
Model 1 2 3 4 5
1A(45°/53,5") .91 1.00 .98 1.03 .96
2A(30°/47.,4") .93 1,00 1,01 1,01 .97
3A(45°/35,5") .96 1,03 1,06 1.04 .98
4A(30°/29,7") .96 1,05 1.05 1,05 1,00
5A(0°/22,5") , 97 1,02 1.04 1.04 .97
0B(0°/69,0') .99 .98 .96 .98 .99
1B(45/53,5") 1,03 . 96 .92 .97 .89
2B(30°/47.4") .85 .96 .92 .97 .89
3B(45°/35,5™) .89 .97 .89 1.00 .89
4B(30°/29,7") .89 .96 .88 .99 .85
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FIG.3.35 THEORETICAL AND EXPERIMENTAL TRANSVERSE PLATE
BENDING MOMENTS (IN.-LB.AN.). MODEL 1A (459/53.5"),
LOAD = 1000 LBS.
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FIG. 3.36 THEORETICAL AND EXPERIMENTAL TRANSVERSE PLATE
BENDING MOMENTS (IN.-LB./IN.), MODEL 2A (30°/47.4"),
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BENDING MOMENTS (IN.-LB./IN.), MODEL 4A (300/29.7"),
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BENDING MOMENTS (IN.-LB./IN.), MODEL 5A (00/22.5"),
LOAD = 1000 LBS.
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Section 3,2, It is important to note from Figs, 3.35 to 3,39 that

for theory as well as experiment the magnitudes and distribution of

the transverse bending mohents seem to be rather independent of span

and angle of skew. Thus under point loads these moments are essentially

a local effect,

3.8 Summary

In summary, four significant conclusions can be derived from the
comparison of theoretical and experimental results,
15 Theory adequately predicts the external reactions and total
moments at a section found in the experimental models for arbitrary point
loads, Although in some cases the theoretical reactions appear to be
slightly different than the experimental values, the effect on the
external total midspan moment is minimal,
2) Theory predicts quite well the distribution of internal forces at
a section found in the experimental model, This includes the longi-
tudinal plate forces and the distribution of the total longitudinal moment
to the individual girders,
3) Theoretical transverse plate bending moments are somewhat more
divergent from experimental values but the agreement can still be
considered satisfactory, The differences can be explained in terms of the
greater flexibility of the experimental model compared to the analytical
model.
4) Theory does not predict the magnitude of the deflections found in the
experimental model within an acceptable range of differences. Although
the general distribution of deflections was similar, differences in

magnitudes of from 8 to 27% were found, with the theoretical model being
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stiffer in all cases, Considerable evidence exists from the tests run
on component parts of the bridge which suggests that part of the
disagreement between theory and experiment is due to the greater
flexibility of the screwed connections utilized in the experimental
models. In a prototype monolithic structure, these increased flexibilities
would not exist and thus the prototype would be closer to the analytical
model, Also, there may have been some slippage in the experimental
testing frame which contributed to the larger experimental deflection
values.

Finally, it is important to note that even with the differences
in the flexibilities of the experimental and theoretical models cited
above, the agreement between theory and experiment for the magnitude
and distribution of reactions, internal forces and moments was still
quite good., This tends to indicate that moderate changes in the
stiffness properties of a reinforced concrete bridge occassioned by
cracking may not be a dominant factor in changing the load distribution

behavior of skew box girder bridges,
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4, GENERAL BEHAVIOR AND PROPOSED
APPROXIMATE ANALYSIS

4,1 General

The comparisons presented in the preceding chapter between the
theoretical results obtained with the finite element computer program
CELL and the experimental results from the aluminum models have established
the general validity of the theory for the elastic analysis of skew box
girder bridges., Such an accurate analysis by the finite element method
can always be made for a specific case, however, it can become very
time consuming and expensive in terms of computer costs, If possible,
for design purposes, it is advantageous to have a simplified approximate
method of analysis, which can yield satisfactory answers for the usual
design cases encountered.

Of prime interest from a design standpoint are two basic questions
which must be answered for a given loading on a simple span, skew box
girder bridge.

(1) What is the total longitudinal moment on any section normal
to the longitudinal axis of the bridge?

(2) What is the transverse distribution of this total moment

across the cross-section to each individual longitudinal girder?
In this chapter, the general behavior of the skew bridge models is
scrutinized in order to develop an approximate method of analysis for

answering these two basic questions., The results of the finite element

analyses are reviewed and the effects of the various parameters (span,
skew angle, etc.) on the reactions and moments are isolated., From this

information an approximate method of determining external reactions and
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total moments at a section due to arbitrary point loads is developed to
answer the first question posed above., The transverse distribution'of
longitudinal internal forces and moments under various loading condi-
tions is also examined and important conclusions emerge to provide an
answer to the second question posed above, Various other behavioral

characteristics important to design are also investigated,

4.2 Reactions and Total Midspan Moment for Point Loads at the Midspan
Section, '

With a point load at the midspan center of a simple span straight
bridge, the moment coefficient in terms of WL is 0,250, As the end
supports become skewed this coefficient begins to decrease in magnitude.
This effect was discussed in Section 3.3 and was found to be the result
of the difference in the two reactions Rl and R2 at the end of the
bridge, which must always total W/2, Figure 3,14 illustrates the effect
of the couple caused by this difference. Since the analysis of a skew
bridge on four supports is externally indeterminate to the first degree,
the difference between the reactions Rl and R2 cannot be found directly
from statics., However, some definite trends can be observed by studying
the results of the finite element analyses.

As shown in Table 4,1 the angle of skew, ©, has a significant
effect on the reduction of the midspan moment coefficient from 0.250,
For example, the moment coefficient for Model 2A with a skew angle of
30° is 0,214 for a point load at midspan center (position 3). This is
86% of the corresponding value for a straight bridge, OB or 5A.

For model 1A with a skew angle of 45°, the moment coefficient

drops to 0.178 which is 71% of that for the straight bridge. The
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same behavior is evident in the shorter skew models 3A and 4A. There
are two reasons for this effect of the skew angle.

First, for a given span, as the angle of skew decreases, the
difference in the distances between the center point load and the
two end reaction support points, RL and R2, also decreases, Thus
the larger reaction R2 at the near obtuse corner decreases and the
reaction Rl at the far acute corner increases, When the skew angle 8
reaches zero the reactions equalize, Rl = R2 = W/2,

Second, and more significant, however, is the change in lever
‘arm for the reaction couple, (b/2)tan ©. Since in the four cell
models considered the width of the bridge, b, is constant only the tan 8
changes, The larger angle of skew yields the longer lever arm, and as
a result the greater reduction in midspan moment,

Another parameter which affects the solution seems to be the plan
"aspect ratio,'" b/L. The effect of this measure of the slenderness of
the bridge in plan can be observed by comparing the longer and shorter
models having the same skew angle. For a load at midpoint position 3,
the shorter 45° model, 3A, yields a midspan moment coefficient some 6%
less than the longer model 1A, as the aspect ratio increases from .22
to .38, For a similar change in aspect ratio, .25 to ,40, the 30°
models 2A to 4A exhibit only a 3% decrease in midspan moment, For
angles less than 30° the effect of the aspect ratio is probably even

smaller,

A study of the available data on two and four cell bridges indicates
that the midspan moment coefficient for a point load at midspan center
of a skew bridge can be accurately estimated by the empirical

relationship 0.25 cos 6. Figure 4.1 illustrates this
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approximation graphically., Included on this plot in addition to the
values for the four cell bridges are values obtained by Sisodiya,
et al, [8] from a finite element analysis of a series of two cell
skew box girder bridges. The accuracy of this empirical formula is
summarized in Table 4.1

TABLE 4.1 COMPARISON OF THEORETICAL AND APPROXIMATE

TOTAL MIDSPAN MOMENT COEFFICIENTS FOR A POINT
LOAD W AT MIDSPAN CENTER

Model MTH MAP M‘AP/MTH
0B(0°/69,0™) . 250 .250 1.00
1A(45°/53.,5™) .178 177 .99
2A(30°/47.4™) .214 .217 1.01
3A(45°/35,5™) .168 177 1.05
4A(30°/29.6") .209 .217 1.04
5A(0°/22,5™) .250 .250 1.00

MTH = Theoretical moment coefficient of WL
Obtained from finite €lement analysis
MAP = Approximate moment coefficient = 0,25 cos 8

The results of the finite element analyses also indicate the
interesting fact that if the point load W is placed anywhere across
the width of the midspan section normal to the longitudinal axis,
the total moment coefficient remains essentially the same as that

for the load acting at the midspan center of the bridge. The reactions,

however, change quite considerably, The sum of Rl and R2 increases

as the load is moved towards the R2 side., The reason for this is
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obvious when moments are taken about the skew axis defined by R3 and
R4, For the sum Rl and R2 to remain constant the load must be moved
along a line parallel to the skewed supports. However, if the load
is transferred along the right section at midspan, R2 increases

and Rl decreases, Thus their difference increases, causing a

couple which exactly offsets the effect of their larger sum on

the total midspan moment. As illustrated in Figs. 3.12 and 3,13 the
changes in Rl and R2 are linear as are those for R3 and R4 by symmetry,
An interesting consequence of this linearity is that the sum of R2
and R3 and the sum of Rl and R4 are constants for a point load acting
anywhere on the midspan cross-section.

One other significant peculiarity of skew bridges is the possi-
bility of negative reactions at the acute corner supports, Table 4,2,
This tendency is more pronounced in the longer span bridges, The
greatest negative reaction with a load at the midspan section occurs
when the load is on the exterior girder on the opposite side from
the acute corner. Notice, however, in Table 4,2 that for all models
except 2A slightly larger maximum negative reactions for R4 occur
with a load at position 10 which is not on the midspan section,

Since for dead load only, Table 4.6, the reaction R4 = Rl is
always positive, it is unlikely that combined dead and live load will
produce a net negative reaction at R4, However, this possibility
should always be checked and if it occurs either a reaction tie-down
would have to be provided or the effect of a 1ift off of the reaction
support would have to be considered in calculating the other reactions

and the section moments,



90

TABLE 4.2 MAXIMUM NEGATIVE REACTION; R4,
DUE TO POINT LOAD W

Load on Load not on
Model Midspan Section Midspan Section
Load R4 Load R4
Position Position
1A(45°/53.5™) 5 -.217 W 10 ~.280 W
2A(30°/47.4") 5 -.215 W 10 -.205 W
3A(45°/35,5") 5 -.165 W 10 -, 187 W
4A(30°/29.6™) 5 -.127 W 10 ~-,133 W
1. See Appendix A for load position locations.

4,3 Reactions and Total Moments for Point Loads Along the Longitu-
dinal Centerline of Bridge,

As the load is moved longitudinally off of the right section
at midspan the midspan moment coefficient naturally decreases. The
influence lines for the midspan moment shown in Fig. 3,15 are typical
of all models and show that as the load moves along center girder 3,
the'moment coefficient varies not quite linearly as it does in a
straight bridge. However, tﬁe sum of any end reaction pair (Rl + R2
or R3 + R4> changes exactly linearly as required by statics. The
moment coefficient does not behave 1linearly because the difference
befween reactions at the acute and obtuse corners changes slightly
at first and then very radically as the load approaches the supports,
With the load near the center of the bridge this difference is com-
paratively large. Near the ends of the bridge, however, the load
is more evenly distributed to the two reactions and their difference

decreases accordingly.



An interesting comparison between skew and straight bridges can

be found by examining the moment coefficient for a right section at

the point of application of the load along girder 3, Fig, 4.2,

a straight bridge the moment , MST’ at the loaded cross-section is

Wed/L which gives a moment coefficient in terms of WL of cd/Lz.

For

These
moment coefficients are tabulated in Table 4.3.
TABLE 4.3 COMPARISON OF COEFFICIENTS FOR TOTAL MOMENT
) AT LOADED CROSS~SECTION DUE TO A POINT LOAD
W ON SKEW BRIDGES AND STRAIGHT BRIDGES
MODEL p c/L MSK MST MSK/MST
3 .50 .178 . 250 .71
1A(45°/53,5") 8 .31 .151 .214 .71
11 .13 079 113 .70
3 .50 .214 . 250 .86
2A(30°/47.,4™) 8 .29 .174 .206 .84
11 .07 . 055 . 065 .85
3 .50 .168 . 250 .67
3A(45°/35.5™) 8 .33 .149 .221 .67
11 .17 . 087 .141 .62
3 .50 . 209 . 250 .84
4A(30°/29.6™) 8 .31 177 .214 .83
11 .12 . 081 .106 .76
LP = Load Position, see Appendix A for location
c¢/L = Longitudinal location of load in terms of overall
length, L, see Fig. 4,2
MSK = Moment Coefficient of WL at loaded section for
skew bridge,
MST = Moment Coefficient of WL at loaded section for

load at corresponding location on a straight
bridge.
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Also shown in Table 4.3 are the corresponding values of moment

coefficients for the skew models, MSK . Note that the ratio of

moment coefficients for the skew vs, straight bridge is nearly
the same on all load positions for a given skew angle of 30° or
45°, Indeed, the ratio of skew coefficient to straight coefficient
1s very close to the cosine of the skew angle, This suggests that
the moment coefficient at any loaded section may be approximated by
(cd/Lz)cos @ if the load is on the longitudinal centerline of the
bridge, At midspan this empirical approximation yields the previously
discussed coefficient 0,250 cos®8,

Once this moment coefficient is established the external reactions
can be found from statics as follows, Fig. 4.2

aw
Rl + R2 = —I (4,1)

b tan © _ cdw

(Rl + R2)c - (R2 ~ R1) 5 = T Cos B 4.2
Substituting R2 from Eq. (4.1) into (4.2)
cdw dw
= e s B - 1) + 5 4.3
Rl LD tan B (Cos @ ) o+ 5T ( )
cdW dw
"2 = 75 tang (1 ~Cos &) + & (4.4)
R3 and R4 can then be found from
Rl + R3 = 0.5 (4.5)

R2 + R4 = 0,5 (4.6)
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It has been shown in Figs. 312 and 3.13that a transverse move-
ment of a point load across a right section anywhere on the bridge
causes a linear variation in all reactions., As discussed before,
the sum of each reaction pair is defined by statics., Again, the
difference between the reactions at the acute and obtuse corners
is indeterminate, Unlike the midspan section, transfer of the
load off of the longitudinal centerline at any other section
causes a variation in the midspan moment coefficient., This change
is roughly 1inear with the moment coefficient increasing as the
load moves closer to an acute corner and decreasing if it ﬁoves
tqward an obtuse corner. However, the magnitude of these changes

cannot be precisely predicted empirically,

4.4 Approximate Analysis for Arbitrary Point Loads

A very good approximate solution for the indeterminate corner
reactions in a solution for a skew bridge subjected to a point load W
at an arbitrary position can be obtained in the following manner,
Fig. 4.3a. This arbitrary loading may be replaced by the super-
position of the two loadings shown in Figs., 4.3b and c. As pointed
out previously, the load may be moved anywhere along the skewed
line parallel to the support lines without changing the sum of Rl +
R2 as well as R3 + R4, If the 1oéd is shifted to the centerline
Fig. 4.3b, the reactions Rl' through R4' may be determined directly
using Egs. (4.1) to (4.6).

The effect of the couple illustrated in Fig. 4.3c must be
determined and added to the centerline solution.to obtain the total

solution for the loading in Fig. 4.3a. This skewed couple must be
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resisted by two reaction couples formed by each of the two end
reaction pairs. Since the original couple is perpendicular to
the end support lines, each of the reaction pairs must be self-
equilibrating. That is

Rl" = -R2" and R3" = -R4" (4.7
The support conditions at each end of the bridge are identical.
Therefore, the amount of the total torque resisted by each reaction
pair may be approximated by the centerline location of the applied
torque. Consequently, Rl1" and R2" resist d/I times the applied

torque, We,/Cos B, The reactions may then be determined as follows:

R2" - RL" = 2(R2") (4.8)
i b We d
2(r2") (2 c os 9) ~ cos B8 (L) (4.9)
" Wed
R2 = < (4.10)
n o —Wed
Rl = A (4.11)

R3" and R4" are similarly obtained

" Wec
R3" = —= (4.12)
" -Wec
4" = == 4.13
R =3 ( )

If these reactions are then superimposed with those of the

previous centerline solution, Fig. 4.3b

(4.14)

the resulting reactions are a very good approximation to the solution

for the original arbitrary load position of Fig. 4.3a.



This approximate method of analysis was tested on all the skew
models for all the load positions for which theoretical data from
the finite element analyses was available, Table 4.4 shows these
results for Models 1A, 2A, 3A and 4A in terms of the ratio of the
approximate to the theoretical total moment coefficients for the
midspan section. The comparison shows that the approximate method
gives very acceptable results for all load positions except 11, 12,
13 which are very near the support reactions, The loadings of prime
interest from a design standpoint are those which are somewhat removed
from the support reactiors since much larger total moments occur due
to these loadings, Note also that the approximate results are
generally conservative compared to theory. This is a desirable
feature for an empirical approximate solution, This procedure is
remarkably simple and can be easily applied, As will be discussed
in the subsequent chapter this approximation could be very useful
for design purposes, TIts application, however, should be limited to
bridges of similar proportions to those analyzed in this study,
Preliminary results of finite element analyses for wider bridges with
six and eight cells indicate that bridges that are wider and shorter

than the four cell type used to develop the approximate method might

behave somewhat differently,

4.5 Transverse Distribution of Total Longitudinal Moment

Once the total moment on a section normal to the longitudinal
axis is known, the transverse distribution of this moment to the
individual girders, which is directly related to the transverse

distribution of the longitudinal internal forces, must be determined,

97
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TABLE 4.4 RATIO OF APPROXIMATE TO THEORETICAL MOMENT
AT MIDSPAN SECTION FOR ALL POINT LOAD POSITIONS

Ge | e
Te 2e
e 8e 3e
|12 e Se 4 e
13 e 0e 5e

Load Position at Midspan Section

Model
1 2 3 4 5

1A(45°/53.5") .99 .99 .99 ,99 .98

2A(30°/47.4™) 1.01 1.01 1.01 1.01 1.01

3A(45°/35.5™) 1.03 1,04 1,05 1.04 1.03

4A(30°/29.86") 1,02 1.03 1.04 1.03 1,02

Load Position Near Quarter-Span

6 7 8 9 10

1A(45°/53.5™) .99 1.00 1.00 .98 .97

2A(30°/47.4™") 1.02 1.03 1.03 1,02 1.01

3A(45°/35.5") 1.12 1.12 1,10 1,07 1.05

4A(30°/29.6") 1.05 1,06 1.07 1.06 1.04

Looad Position Near Support

11 12 13
1A(45°/53.5™") 1.35 1.18 1,07
2A(30°/47.4") 1.13 1.09 1.04
3A(45°/35.5") 1.39 1.20 1.11

4A(30°/29.6™) 1.25 1.15 1,07
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The theoretical data available in this study makes it possible to
discuss the distribution of forces at Section 0-0, This section is
close enough to midspan to give a rather accurate representation of
the situation at midspan,

In Section 3.4 it was noted that the shape of the transverse
distribution curve for longitudinatl plate forces was essentially
the same fqr all models for a given point 1bad position and that it
merely shifted up or down depending on the span, In models without
the midspan diaphragm this resulted in a somewhat poorer distribution
of moment to the individual girders for the shorter bridges, The
effect.in models with the diaphragm was somewhat less pronounced
since the addition of the diaphragm itself produced a rather uniform
distribution of moment,

The maximum percentage of the total longitudinal midspan moment
taken by any girder always occurs with the point load applied at
midspan on the girder being considered, Once the load is moved
longitudinally away from the midspan section the distribution of
moment’at midspan quickly becomes very close to uniform, This is
particularly interesting because the design truck live loads con-
sist of several wheel loads ‘some of which will always be somewhat
removed from the midspan section where the maximum design moment
occurs,

Tables 4,5a, b, c, d show the percentage distribution of the total
moment at Section 0-0 to the individual girders for various combinations
of point loads, The loadings shown in Tables 4,5a, b are similar to

uniform live loads across the width of the bridge in the central portion
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TABLE 4.5a PERCENTAGE OF TOTAL LONGITUDINAL MOMENT
AT SECTION 0-0 TAKEN BY EACH GIRDER FOR
EQUAL LOADS AT ALL FIVE POINTS SHOWN

20
30
4 e
5e
Girder
Model
1 2 3 4 5

0B(0°/69,0™) 16,0 22.7 22.5 22.7 16.0

1A(45°/53.5") 16,2 22,7 22.4 22.6 16.1

1B(45°/53,5™") 16.5 22,7 22,1 22.5 16.4

2A(30°/47,4") 16.1 22,7 22,4 22,7 16,1

2B(30°/47.4") 16.4 22.6 22.2 22.5 16.5

3A(45°/35.5™) 16.4 22.4 21.9 22.6 16.4

3B(45°/35,5") 17,2 22,0 21,0 22.3 17.5

4A(30°/29,6™) 16,2 22,4 22.0 22.7 16.5

4B(30°/29.6") 17.0 22,0 21.2 22.4 17.3

5A(0°/22.,5") 16.4 22,5 22,2 22.5 16.4

1, See Appendix A for location of load positions 1 to 5,



TABLE 4.5b PERCENTAGE OF TOTAL LONGITUDINAL MOMENT
AT SECTION O-0 TAKEN BY EACH GIRDER FOR
EQUAL LOADS AT ALL FIVE POINTS SHOWN

6 e

7T e

8 e

Qe

10e

Girder
Model
1 2 3 4 5

OB(0°/69,0") 15.9 22.8 22.7 22.8 15.9
1A(45°/53.5") 16,2 23,0 22.6 22.6 15,7
1B(45°/53,5") 16.6 22.9 22.92 22.4 16,0
2A(30°/47.4™) 16.0 22.9 22,7 22,7 15.8
2B(30°/47.,4") 16.5 22.9 22.3 22.4 16,0
3A(45°/35,5™) 16,6 22,1 21.5 22.5 16,5
3B(45°/35.5") 17 .4 22.1 20,9 22,3 17 .4
4A(30°/29.6") 15,4 22,0 22.4 23.4 16,8
4B(30°/29,6 17.0 22,0 21,1 22.6 17.4
5A(0°/22,5") 15.9 22,8 22.6 22,8 15,9

1., See Appendix A for location of load positions 6 to 10,

101
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TABLE 4.5¢c PERCENTAGE OF TOTAL LONGITUDINAL MOMENT
AT SECTION 0-0 TAKEN BY EACH GIRDER FOR
EQUAL LOADS AT ALL THREE POINTS SHOWN

i e

12 e
|13 e
Girder
Model
1 2 3 4 5

0B(0°/69,0") - - - - -

1A(45°/53.5") 18,4 24,7 22,1 20.8 14,0

1B(45°/53.5") 19.6 25,6 21.4 19.4 14,1

2A (30°/47,4") 17.9 24.1 22,1 21.3 14,6

2B(30°/47.4") 19,3 25,1 21,3 19.8 14.5

3A(45°/35,5™) 14.0 20,2 21.6 25,1 19,1

3B(45°/35.5™) 20,2 24,2 18.8 19.8 17.0

4A(30°/29,6™) 12,3 18.9 21.9 26,4 20,5

4B(30°/29.6") 18.7 22,6 19.0 21,2 18.4

5A(0°/22,5™) - - - - -

1, See Appendix A for locations of load positions 11 to 13,
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TABLE 4,5d PERCENTAGE OF TOTAL LONGITUDINAIL MOMENT
AT SECTION 0-0 TAKEN BY EACH GIRDER FOR
EQUAL LOADS AT ALL THIRTEEN POINTS SHOWN

6 e | e

7 e 2 e
Il e 8 e 3e
12 e S e 4 e
13 @ IO e 5e

Girder
Model
1 2 3 4 5

OB(0°/69,0') 15,9 22,7 22,6 22,7 15.9

1A(45°/53.5") 16,3 22.9 22.4 22,5 15.8

1B(45°/53,5™) 16,7 23.0 22,1 22,2 16.1

2A(30°/47.4™) 16.2 22,8 22.5 22,6 15,9

2B(30°/47.4") 16,6 22.9 22,0 22,0 16,2

3A(45°/35,5") 16.3 22.1 21,7 22,8 16,7

3B(45°/35.,5") 17.5 22.2 20,8 22.1 17.4

4A (30°/29.,6™) 16,1 22,0 22,1 23.3 16,9

4B(30°/29,6") 17.1 22,1 21.0 22.3 17.4

5A(0°/22.5™) 16,2 22.6 22.3 22.6 16,2

1. See Appendix A for locations of load positions 1 to 13,
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of the bridge, while the loading in Table 4,5d approximates the effect
of a uniform load over the entire bridge, All three of these load
combinations produce distributions of the total moment to the individual
girders which approach the percentages associated with a uniform stress
distribution across the section, therefore 15.8% for each exterior
girder and 22,8% for each interior giraer. These percentages for a
uniform stress distribution can always be determined from the relative
moments of inertia of the individual girders as shown in Fig. 2.6,

Only the combination of three point loads at positions 11, 12, 13

near the end support, shown in Table 4,5c, produces a non-uniform
stress distribution at midspan, but their contribution to the total
midspan moment would be small compared to the other load combinations

shown,

4.6 Effect of Midspan Diaphragm

As noted several times throughout this report for a given point
load the addition of a midspan diaphragm does not change the external
reactions and moments for any of the bridges studied. However, the
internal distribution of forces is affected rather significantly by
the addition of a diaphragm. The longitudinal plate forces near
midspan do not peak sharply near the load point in the B models with
the diaphragm as they do in the A models without it, The maximum
percentages of total longitudinal moment taken by any individual
girder is much lower, in general, for the B models, Whilé these
differences are significant when discussing a single point load on
the bridge, the more realistic design dead and live load situations

to produce maximum design moments would consist of several loads
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across the bridge width., Thus the same distribution of moments to the
girders would occur regardless of whether or not the bridge had a
midspan diaphragm (see Tables 4.,5a, b, d), For this reason it is
felt that the midspan diaphragm is not necessary in order to insure a
more uniform stress distribution in a four cell skew bridge under
working loads, This conclusion was previously expressed for two cell
skew bridges by Sisodiya, et al [87.

Despite its unimportance in the response of the skew bridge
under working loads the contribution of a midspan diaphragm to the
Tesponse of a reinforced concrete skew box girder bridge under extremely
heavy overloads and at ultimate capacity could be important, For
example, if one of the girders sustains a extremely heavy overload
and extensive cracking and possibly yielding of the steel reinforce-
ment begins to occur, failure may be avoided if some structural
mechanism can transfer the excess load to the other girders, The
transverse bending stiffness of the box girder section may or may not
be sufficient to insure this transfer, 1In the event that is not, the
diaphragm is highly desirable since it would guarantee the transverse

redistribution of forces,

4,7 Dead Load Considerations

Experimentally, it was not possible to determine the response
of the aluminum models to dead load. Theoretical results for external
response due to self weight were obtained for models 1A - 5A and are
presented in Table 4,6, Since the solutions for external reactions
and total moments at a section due to an arbitrary point load was
independent of whether or not a midspan diaphragm was included, the B

series models were not analyzed for dead load,
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The midspan moment coefficients follow the pattern established
for point loads, The greater angle of skew produces a larger reduction
in the midspan moment from the 0,125 WL for a straight bridge (w = total
weight). The shorter skew models show a slightly smaller moment co-
efficient than their longer counterparts with the same angle of skew,
This is also consistent with the previéusly observed response to point
loads, The deflections beneath girders 1, 2, and 3 for Model 1A are
represented in Figure 4,4, The deflection at midspan of the bridge
is constant across the right cross-section, Girders 1 and 2 show
slightly larger deflections at their individual midpoints than those
at midspan of the bridge,

An empirical solution to the dead load problem is rather difficult
to justify with the small amount of data available, With the
information now available it seems that the midspan moment cbefficient
may be reasonably approximated by 0,125-0,100 Sinze, A plot of this
curve with the data available is shown in Fig, 4.,5. Two cell models
analyzed by Sisodiya, et al [87], are again presented., Although the
results appear to be very good, they must be regarded as inconclusive
until more evidence is available, It may be possible to estimate the
response of the skew bridge to dead load through some type of integra-
tion procedure utilizing the approximate method for point loads
developed earlier in this chapter, However, results from such a
scheme will undoubtedly be rather conservative due to the error in
approximation near the supports.

Although information on the distribution of internal forces in

models subjected to dead load is not readily available, there are
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definite indications that the distribution of longitudinal moment at
midspan is nearly the same as for a uniform stress distribution,

If the percentage values for girders 1 and 5 and girders 2 and
4 in Table 4,5d are averaged, the resulting values along with that
for girder 3 would be a rather accurate estimate for the distribution

of the dead load total moment to the individual girders,

TABLE 4.6 DEAD LOAD REACTIONS IN TERMS OF TOTAL LOAD,
W, AND MIDSPAN MOMENTS IN TERMS OF WL

Model Rl R2 Moment
1A(45°/53.5") . 046 .454 . 077
2h(30°/47.4™) ,093 .407 .101
3A(45°/35.5™) .101 .399 .070
4A(30°/29.6") .141 .359 .098
5A(0°/22,5") .250 .250 .125

4.8 Support Conditions

The support conditions of the models analyzed in this study
differ somewhat from those usually found in practice, Normally
a box girder bridge is supported at the ends beneath each girder.
The models were supported only at the four corners, thus only at the
ends of each exterior girder. At the ends of each model was a trans-—
verse diaphragm which transferred the load from the interior girders
to the corner reaction supports, The deflections at the midpoint of

the end diaphragms was generally an order of magnitude smaller than

those beneath a load at midspan, For this reason it was felt that
the response of bridges similar to the models, only supported beneath

each girder, would be essentially the same as the models supported
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only at the four corners. To verify this assumption, Model 1A and
Model 3A were each analyzed by the finite element program CELL with
supports beneath each girder at the ends of the models, Partial
results of these analyses are presented in Tables 4,7a, b. For
comparison, shown with the results for all girders supported is the
data for the original model on four corner supports, This comparison
shows that for a point load at midspan location 1, 2, or 3 or for
dead load, the difference in support conditions has very little effect
on the total midspan moment and the deflections at midspan,

Based on the above, it would appear that the total moment at any
section for skew bridges, having aspect ratios equal to or less than
the models, may be found by substituting for the actual supports
under all girders, supports at the four corners only, to which the
approximate method of analysis outlined in Section 4.4 then may be
applied, It is reasonable also to expect that the transverse dis~-
tribution of the total moment will be similar for the two support
conditions,

From Tables 4.7a, b, it is evident that the total reactions
at each end of the skew bridges are essentially identical for the two
different support conditions studied, This, as previously
mentioned, is a requiremeéent of statics . No approximate method is
available for determining the transverse distribution of the total
end reactions for the cases in which the bridges are supported on all
five girders, The distribution of these reactions is highly sensitive
to the flexibility of each individual support assembly and small

differences in these from the rigid supports assumed in the analysis



TABLE 4.7a

R2

COMPARISON OF RESULTS FOR MODEL 1A(45°/53.5") FOR

SUPPORTS AT CORNERS ONLY VS. ALL GIRDERS SUPPORTED

D R4

RI G I r3 R5L ©
Supported at Corners Only All Girders Supported
Load Case Load Case
DL 1 2 3 l DL 1 2 3
Reactions in Terms of Total Load W
Rl . 046 -.271 | -.170 -.071 T R1L .417 1.172| .869 | .602
R2 .454 .883 .726 L5711 R2L .002 -,294-.135 |-.043
R3L .058 -.067|-.037 | .028
R4L .030 -,113}-.079 |-.043
il RSL -, 007 ~-,085|-.062 {~.045
LR .500 .612 .556 .500 TR .500 .613| .556 ] .500
Midspan Moments in Terms of WL
M .077 177 .178 .178 M .077 176 (177} 177
Midspan Deflections in Terms of 1000 W/EL
Al 11.34] 27.89 122,36 |18,61 Al 11.73 {27.00 [21.81 ] 18,40
As 11.34) 18.61 (19,37 |21.41 A3 11.72 |18.40 |19.,16 | 21.19
AS 11.34] 13.94 |15.91 }18.61 A5 11.73 |[14.27 |15.99| 18.40

1.

See Appendix A for locations of loads.
2. W = Total dead load for DL case or value of
single point load for Cases 1, 2, or 3.
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TABLE 4.7b COMPARISON OF RESULTS FOR MODEL 3A¢45°/35.5") FOR
SUPPORTS AT CORNERS ONLY VS. ALL GIRDERS SUPPORTED

R2 €
RI C 9 R3
Supported at Corners Only All Girders Supported
Load Case’ Load Case
DL 1 2 3 DL 1 2 3
Reactions in Terms of Total Load W
Rl .101 -.165| -.076{ .009 RI1L . 297 1.078 | .647 .359
R2 .399 .834 .661| .491 R2L .048 -.270 | .050 .099
llRSL .081 -.048 |-.045 .102
R4L, .063 -.0563 |-.041 |-.032
R5L .012 ~-,037 1-.026 |-.029
LR .500 .669 .585] .500 TZR .501 .670 | .585 .501
Midspan Moments in Terms of WL
M .070 .166 .168 .168 ﬂ M .073 .165 171 173
Midspan Deflections in Terms of 1000 W/EL
Al 2,09 7.19 | 4.58 3.03 Al 2.21 6.85 4,42 3.06
AB 2,30 3.03 3.74 5,17 A3 2.28 3.03 3.67| 5,06
A5 2.09 1,37 2.02 3.03 l A5 2,21 1.67 2,20] 3.06

1. See Appendix A for Locations of loads,

2, W = Total dead load for DL case or value of
single point load for Cases 1, 2, or 3,



can change the distribution markedly, because of the high rigidity
of the transverse end diaphragm,

One last point should be made in comparing the reactions for the
two support conditions given in Tables 4,7 a, b, It appears that the
possibility of a net negative reaction under dead load plus some
eccentric live truck load combinations may be more likely at an
individuallreaction support point for the case of all girders supported
than for the case of the supports at the four corners only, 1In
general, however, the design live load for girder moment design will
involve all lanes being loaded and under this loading, even though
there may be a small net negative reaction at the acute corner, its
effect on the total design moment at midspan should be small, The
sensitivity of the distribution of the total end reaction to each of
the support points demonstrates the fact that the individual reaction
for which each support assembly is to be designed should be selected

conservatively,
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5. DESIGN CONSIDERATIONS

5.1 General

As noted in the previous chapter the design of a box girder bridge

for longitudinal bending requires the answer to two basic questions,

1) For a.given loading, what is the total longitudinal moment
existing at any transverse section normal to the longitu~
dinal axis of the bridge?

(2) What is the transverse distribution of this total moment
at the section in question?

For a reinforced concrete bridge the answers to these questions fof

dead and live load effects ultimately lead to a decision by the designer
as to the total required amount of steel reinforcement at a section and
the transverse distribution and arrangement of these reinforcing bars,
Throughout this report particular emphasis has been placed on these two
considerations as they apply to simply supported skew box girder bridges,
Overall agreement between an analytical solution and experimental ob-
servation has been established on these points, Based on the results of
these studies significant insight has been gained on the general behavior
of skew box girder bridges. While many questions remain unanswered,
certain tentative recommendations can be made for the design of skew box
girder bridges,

Before making these recommendations, however, it is instructive to

review the present design procedures for box girder bridges.

5,2 Present Design Procedures

The highway live loadings on bridges specified by AASHO consist of

standard trucks or of lane loadings which are equivalent to truck
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trains [11], Except for long span box girder bridges the standard
truck loadings govern the design rather than the lane loadings. 1In
California, the HS 20-44 standard truck is used for design live

loadings and it is assumed to occupy a width of 10 ft., (Fig. 5.1).

In each span one such truck per traffic lane may occupy any position
which will produce the maximum stress, Where maximum stresses are
produced in ény member by loading any number of traffic lanes simul -
taneously, the following percentages of the resultant live load stresses

are used in view of the improbable coincident of maximum loading in all

lanes:
One or two lanes 100%
Three lanes 90%
Four lanes or more 80%

The 1969 AASHO specifications [117] specify a design procedure in
which the bridge is assumed to consist of a number of similar interior
I - girders plus two exterior girders., The division of the tofal
cross-section of any bridge into these components is exactly the same
as that done previously in this report for the four cell skew box girder
bridge, Fig, 2.6, Each of these girders is designed as an independent
member, separated from the rest of the bridge, by applying to it a

fraction of a single longitudinal line of wheel loads from a standard

truck, This fraction, defined as the "number of wheel loads, NWL’” is
determined as follows for two or more lanes of loading:
For interior girders,
S
Yoo = 7 (5.1
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FIG. 5.1 STANDARD HS 20-44 TRUCK OF THE AMERICAN
ASSOCIATION OF STATE HIGHWAY OFFICIALS (ASSHO)



For exterior girders,

Ve
NWL == (5.2)
where NWL = number of wheel loads taken by each girder
S = average box width in feet
We = top slab width in feet as measured from the

midpoint between exterior and interior girder
webs to outside face of slab overhang; the
cantilever overhang is not to exceed §/2,

No limitations are stated in the AASHO specifications as to the
applicability of these formulas to skew or curved box girder bridges,
Although they were undoubtedly initially developed for straight bridges,
these formulas are presently being used for the design of bridges of
all types of plan layout and alignment,

In December 1967, a slightly different philosophical approach to
the design of box girder bridges was adopted by the State of California
Bridge Department, This method makes no distinction between interior
and exterior girders, The entire cross-section is treated as a '"'whole
width unit," in which the total number of wheel lines applied to the

unit is determined as:

Total NWL - overall deck7w1dth in ft, (5.3)

The total moment developed at any section of the "whole width unit'
under the loading given by Eq. (5.3) is assumed to be constant across
the width of the bridge. Again, no difference is apparently recognized

between straight, skew or curved box girder bridge behavior,
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It is important to note that in using Eqs, (5.1) to (5.3) no reductions

are to be made for live loads in more than two lanes, since this is
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assumed to have been included in the development of these empirical
equations,

Both of these procedures, based essentially om the web spacing as a
single parameter, are oversimplified and involve some inconsistencies
even in the design of straight box girder bridges., As pointed out in a
previous report on straight box girder bridges additional parameters such
as number of lanes per girder, number of cells, span and end boundary
conditions affect load distribution in box girder bridges.

More important for the present discussion is the failure of these
present methods of design to make any distinction between the behavior
of skew and straight bridges. This raises some serious questions as to
the validity of either method for the design of skew box girder bridges,
Discussion in the foregoing chapters of this report points out a number
of fundamental differences between the behavior of skew and straight box
girder bridges,

For example, if one wished to design a four cell bridge similar to
the models considered in this study by the AASHO method, each girder
would be removed from the bridge and analyzed as an independent simply
supported girder subjected to the number of wheel loads per girder
determined by Egs, 5.1 or 5.2,

The longitudinal position of this frain of truck wheel loads to
produce maximum moments in each girder would be the same for all girders,
For a straight bridge, when these individually loaded girders are assembled
to form the total bridge the longitudinal wheel load positions would be
consistent with the true position of actual trucks on the straight bridge,

which produce the maximum total moment on a particular section,
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However, this would not be true for a skew bridge, since when the
individually loaded girders are assembled to form the total bridge

the longitudinal wheel load positions would form a staggered pattern,
which would be inconsistent with the true position of actual trucks

on the skew bridge needed to produce maximum total moment on a particular
section, Thus it is physically inconsistent to design a skew box girder
bridge by analyzing it as a set of individual girder components each
subjected to a train of wheel load magnitudes given by the AASHO Egs,

5.1 and 5,2,

The "whole width unit" method is an improvement over the AASHO
method for designing skew box girder bridges since it does not separate
the bridge into individual girders, However, no provision is made in
this method for determining the total moment at any transverse section
of a skew bridge for a given loading., As discussed in Chapter 3, this
moment cannot be as readily determined for a skew bridge as it can for
a straight bridge. Also, in a straight bridge the transverse location
of an arbitrary point load does not affect the total longitudinal moment
at any right section. This is not so for a skew bridge as described in
Chapters 3 and 4, Consequently, while the "whole width unit'" method is
a philosophical improvement over the AASHO method, it s application to
skew box girder bridges must be accompanied by a rational approach to
the determination of the total moment to be resisted at any right trans-
verse section,

In addition some specification for the transverse distribution of
the total longitudinal moment at any section should be made., Such a
transverse distribution specification is ignored in the "whole width unit"

method presently being used by the State of California Bridge Department,
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5.3 Tentative Recommended Design Procedure for Live Load

In 1light of the observations made in this investigation about the
overall behavior of skew box girder bridges, it is felt that the "whole
width unit" should be considered at any right transverse section for
the purpose of design, Once this general approach is adopted the two
fundamental questions as to the total longitudinal moment at any section

and its transverse distribution remain to be answered.

5,3.1 Determination of Critical Total Design Moment at Any Section

The first consideration which must be made in determing the total
live load design moments for a skew bridge is the top deck layout and
number of traffic lanes to be carried, The number of lanes on the
bridge corresponds to the maximum number of trucks which the bridge
will be expected to carry across its width at any section,

With this defined for a specific skew bridge the problem then is
the determination of the envelope of the maximum total moments at several
design right transverse sections and their transverse distribution,

This can be done accurately by using the CELL finite element program to
establish the necessary influence surfaces, however, computer costs would
be relatively high, since many analyses would be required. Nevertheless,
for unusual bridge layouts this may be necessary, Also as part of a

long range development program, it might be worthwhile to use the CELL
program to develop and tabulate the necessary design information for a
wide range of commonly encountered bridges in terms of parameters such

as skew angle, number of cells, span, and end boundary conditions,

While this would be an expensive and tedious job, the cost spread over

the large number of skew bridges encountered in present highway
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construction would not be great and the possible savings in more econo-
mical designs as well as a better understanding of the behavior of these
bridges could warrant the effort,

In the absence of such accurate data, the approximate method
described in the preceding chapter can be used as a satisfactory
simplified design method for skew box girder bridges of four cells or
less, having plan width to span ratios equal to or less than thosel
studied in this investigation. It has been demonstrated that, in the
determination of the total design moment at a section, bridges supported
beneath all girders may be idealized as supported only at the four corners
of the bridge beneath the exterior girders, Once the corner reactions
for a point load anywhere in the bridge are found by the approximate method
described in Chapter 4, the total longitudinal moment at any section may
be determined directly by simple statics. Since a truck load is merely
a set of arbitrary point loads the approximate method can be used to
find the reactions of a skew bridge on four supports due to a truck
anywhere on its deck. A solution is obtained for each of the point
wheel loads and the effects of each are superimposed to determine the
total response,

To determine the critical design moment at any section, one truck 1in
each traffic lane must be positioned on the top deck of the bridge so as
to produce the maximum total moment on the section being considered,
This always occurs with all lanes loaded and for practical design
purposes may be assumed to occur with the trucks (Fig. 5.1) positioned
longitudinally in each lane so that the central heavy axle wheel load of

each truck is directly over the section being considered and the second
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heavy axle wheel load is positioned on the side of the section nearest
midspan, The total moment at a midspan section is not highly sensitive
to the transverse position of the trucks in each of the lanes, when all
lanes are loaded as above, However, at other sections, somewhat higher
total section moments will generally occur when the trucks are positioned
transversely so that the resultant of all the wheel loads of each truck
is closest to the nearest acute corner of the bridge. Thus this latter
transverse positioning is recommended for all cases,

;f desired a more accurate determination of the truck positions for
maximum total moment on a section may be made by using the approximate
method to determine reactions and total moments due to unit loads at
various points on the top deck of the bridge. By recording these values
on a plan diagram of the bridge and interpolating where necessary, it is
possible to generate the contour lines representing the influence surface
for the total moment at any right transverse section, A typical influence
surface is shown in Fig., 5.2 for Model 4A. Using the customary trial
and error procedure, the trucks can then be positioned to give the
maximum total moment in the section being considered.

It should be re-emphasized here that the approximate method is
rather conservative for loads at sections near the end supports. Gen-
erally these are of secondary importance compared to loads and sections
near the larger interior portion of the bridge, where the approximate
method will yield results quite close to those obtained by a more accurate
solution based on a finite element analysis using the CELL program,

Once the maximum total live load moment at each section has been

determined, as described earlier, the following percentages of it are
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used as a design moment depending on the number of loaded lanes:
100% for one or two lanes; 90% for three lanes; and 80% for four lanes
or more, The next step is the determination of the transverse distri-

bution of these total design live load moments at a section,

5.3.2 Transverse Distribution of Total Moment :at a Section

In the previous chapter on the general behavior of the bridge models
it was noted that the transverse distribution of the total moment at
section 0-0, very near midspan, was essentially the same as the optimum
uniform stress case, Fig. 2.6, for various combinations of point loads,
Fig. 4.5 a to d. However, in virtually all instances the exterior
girders resisted a slightly higher percentage of the total moment than
the 15.8% found for the uniform stress case, This condition is in part
due to the end conditions of the various girders in the models, The
exterior girders in the models studied are directly centered over the
corner supports and are slightly stiffer than the interior girders,
whose ends are supported by an end diaphragm which spans between corner
supports, In a bridge with all girders supported it is expected that
this slight divergence from the uniform stress case would become insig-
nificant,

One inconsistency which may arise in treating the "whole width unit"
is the possibility that although a certain arrangement of the truck
loads will produce a maximum total moment at a section a slightly
different arrangement might cause a slightly larger moment in an
individual girder, For example, if the trucks are shifted the total
moment may decrease very slightly, However, the percentage of the

total moment taken by an individual girder may increase such that
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the moment taken by that girder is larger than when the maximum total
moment existed at the section, In this sense, the ''whole width unit'
method represents a lower bound solution, and if any local yielding
occurs there would have to be a transverse redistribution of stress to
adequately resist the total section moment.

The discrepancy should be small. Nevertheless, to account for
this factor it is recommended that a skew bridge be designed for a
slight excess (say 5%) above the maximum total design live load moment
at a section, At the midspan section the reinforcement required for
the design moment should be distributed uniformly across the section,
The reinforcement required for the excess (say 5%) should be concen-
trated in the two exterior girders since their percentages of total
moment tend to be slightly higher than the uniform stress case and
are the most affected by a slight movement of the critical truck load
positions,

With the information available at this time it is not possible to
determine the distribution of the maximum total moment at a right trans-
verse sectibn other than at midspan, For sections near midspan, the
distribution is probably close to the optimum uniform stress case,
However, near the end supports this assumption cannot be made since in
this region local effects due to the skewed supports greatly influence

the distribution of internal stresses,.

5,4 Design for Dead Load Moments

Depending upon the span and plan dimensions of a box girder bridge,
the dead load may produce as much as half or more of the total dead

load plus live load moment to be resisted at a particular section,
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An accurate determination of the dead load moments and their trans-
verse distribution can always be found in a skew bridge using the CELL
finite element program, However, if desired, for a simplified design
method for bridges of four cells or less having plan width to span
ratios equal to or less than those studied in this investigation, the
total dead load moment at the midspan section may be adequately pre-
dicted by the empirical formula presented in Chapter 4. The dead load
moment at midspan will always be less for a skew bridge than for a
straight bridge of the same span, however, additional data is needed
to determine the amount of this reduction for bridges outside of the
range of those indicated above.

As shown in Table 4,5d, the transverse distribution of the dead
load moment at midspan is very close to that for the uniform stress case,
At sections other than midspan, no data is available to make a definitive

statement on the total moment or its transverse distribution,

5.5 Transverse Slab Moments

In Section 3,7 and Figs, 3.35 to 3,39 it was noted that the magnitude
and distribution of the transverse plate bending moments at midspan as
found by the CELL program were essentially a function of local loading
and were independent of span and angle of skew, A similar conclusion
was determined in studies [1,2] of these moments in straight bridges of
various spans, number of cells and load positions., Thus no distinction

appears necessary between skew and straight bridges with respect to the

design for transverse slab moments due to live loads in the central
portion of the bridge, However, when these live loads act near the end
supports differences undoubtedly occur and further study is necessary

on this subject to determine whether these differences are important,
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5.6 Other Design Considerations

The present investigation was not intended to develop a comprehensive
set of design recommendations. In the total design of a skew box girder
bridge a number of additional factors have to be considered beyond
those already described,

The present investigation dealt primarily with the total longitudinal
moment and its distribution at the midspan section, While the total
moment at other sections can be found by the approximate method described,
its distribution at other sections especially near the end supports cannot,
Longitudinal moments in this region will undoubtedly be small and can be
taken care of by nominal steel in simple span reinforced concrete skew
box girder bridges, For prestressed bridges, cable profiles in each
girder are dependent on a knowledge of the longitudinal distribution
of the maximum moment envelope in each girder. For design purposes,
knowing the midspan condition, reasonable approximations may be satisfactory
for this longitudinal distribution, However, it is suggested that the
CELL program be used wherever there is any doubt,

No attempt has been made in this investigation to study maximum
girder web shears at the end supports, For the bridges, supported at
the four corners only, which were studied in this investigation it has
been shown that a larger reaction occurs at the obtuse corner than at the
acute corner for dead load and live loads in the central portion of the
bridge, This indicates that the web shears near the obtuse corner will
be larger than at the acute corner and should be accounted for. Maximum
web shears will occur with truck live loads placed near the end supports,

a condition which was not studied in this investigation,
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For skew bridges supported under all girders the transverse distri-
bution of the total reactions at each end to individual reaction supports
and of the web shears can only be found using the CELL program., However,
it should be emphasized that because of the relatively stiff end dia-
phragms this distribution is highly dependent on the type and manner of
the actual installation of the supports, The distribution is difficult
to predict by theory unless the spring constant of each individual
support is accurately known. Thus reaction assemblies should be designed
conservatively, perhaps considering the case of the bridge on only four
corner supports as an upper bound solution for guidance,

The effect of cracking on the load distribution in reinforced
concrete skew bridges has not been considered in this study, Tests on
a large scale reinforced concrete model of a straight box girder bridge
[4] have indicated that at the working stress level cracking is not an
important factor in determining the total moment at a section and its
transverse distribution, Thus results from analyses of uncracked homo-
geneous elastic systems can be used for these straight simple or continuous
bridges to determine load distribution, The effect of cracking remains
to be studied for curved and skew reinforced concrete bridges. Intuitively,
it would appear that the load distribution in highly skew bridges would
be the most sensitive to cracking and changes in stiffness, However,
contradicting this to some extent is the fact that, while there were

significant differences between the stiffnesses of the experimental

aluminum models and the analytical models studied with the CELL program,
the results for total moments and their transverse distribution were

almost the same,
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The present investigation was confined to single span, simply
supported, skew bridges. For continuous bridges of two or more spans
with skew supports, the CELL finite element program can be used to ob-
tain an accurate solution for dead and live load distribution, No
approximate design method can be recommended for these bridges at this

time,
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6. CONCLUSIONS AND RECOMMENDATIONS FOR
IMPLEMENTATION AND FURTHER STUDY

A detailed presentation of the reduction, analysis and interpretation
of theoretical results obtained for a series of single span, simply
supported, four cell, skew box girder bridges having varying angles of
skew and span lengths has been given, Each bridge was studied first
without and then with a midspan diaphragm. The theoretical results
were based on a finite element computer program CELL, which treats the
bridge as an uncracked, homogeneous and elastic system made up of inter-
connected plate elements, Both membrane and plate bending action in
each plate element are accounted for in the finite element analysis,

Theoretical results were compared with experimental results from a
previous study on aluminum models of identical dimensions., On the
basis of this comparison and the interpretation of the data, an approxi~-
mate simplified method of analysis was proposed and finally some tenta-
tive recommendations for the design of skew box bridges were made,

The most important conclusions from this study are summarized below,

1, The finite element computer program CELL can be used to accurately
predict external reactions, the total longitudinal moments at any section
and its transverse distribution in terms of longitudinal plate forces
or moments taken by individual girders,

2, The shape of the midspan transverse distribution curve of
longitudinal plate forces NXX for any given concentrated point load
position at the midspan section is essentially independent of the span
of the bridge or its skew angle, The departure from a uniform transverse
distribution is thus a function of local bending rather than span or

skew angle,
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3. Under a single point load on a bridge the addition of a midspan
diaphragm does not change the external reactions or total moments
at a section, but it does result in a more uniform transverse distribu-
tion of the longitudinal forces NXX than for the case without a midspan
diaphragm, However, for realistic design truck live loads involving
several loads across the bridge width or for dead load there is little
difference, with essentially a uniform transverse distribution of
longitudinal forces Nxx existing at midspan for bridges with or without
a midspan diaphragm,

4, The .total moment at any section for skew bridges, having plan
aspect ratios equal to or less than the models studied, may be found by
substituting for a condition of actual supports under all girders,
supports at the four corners only, to which the approximate method of
analysis outlined in Section 4,4 may then be applied as a simplified
design method,

5. For skew bridges similar to those studied the midspan coefficient
for the total dead load moment as a fraction of the total dead load
times the span length may be adequately predicted by the empirical ex-
pression 0,125 - 0,100 Sin2 8, where @ is the angle of skew,

6, The present AASHO method of design or the 'whole width unit"
method used by the State of California Bridge Department, which do not
differentiate between straight and skew bridges should be reviewed
because definite differences do exist which should be accounted for,
Since it has been shown in this report that the total design moment
at any section in a skew bridge is less than in a straight bridge, a more
accurate design method than those used at present could result in

more economical skew bridge structures,
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For implementation, based on the results of the present investigation,
it is recommended that the CELL finite element program be used as an
accurate method of analysis of skew bridges of any plan configuration,
The approximate design method described in Chapter 4 should in the strictest
sense be used only for bridges similar to the four cell models studied
in this investigation. However, available theoretical data for bridges
with fewer cells and smaller plan aspect ratios (width to span) indicate
the approximate method is also applicable to these bridges. Limited
preliminary studies of six and eight cell bridges with larger aspect
ratios indicate that the approximate method might have to be modified
somewhat to account for differences in their behavior,

Recommendations for further study include tﬁe following:

1, Analysis of additional cases with the CELL program in which

the parameters would include the number of cells, plan aspect
ratio, and continuous as well as simple spans,

2, A detailed study using the results from the CELL program, of
maximum girder shears for design dead and live loads on box
girder bridges with various angles of skew,

3, Experimental study on a large scale reinforced concrete skew
box girder bridge model to determine the effects of cracking
and overloads on load distribution and also to observe the

ultimate strength behavior during a final loading to failure,
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