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I. INTRODUCTION

1. Objectivg

The objective of this investigation was the development of a general
method of analysis for simply supported box girder bridges. The study was
concerned with the elagtic analysis of these structures by methods suited to
the application cof digital computers. Ultimate goal of the investigation was
the development of a general computer program capable of determining dis-
placements and internal forces in multi-celled, simply supported box girder

bridges subjected to a variety of leading and boundary conditious.

2. General Remarks

Bridge systems form an important part of much of the modern highway
system being constructed in Califorania, as well as throughout the United
States. In recent years, the use of reinforced concrete box girder bridges
has increased such that in 19635, approximataly 60% of the total deck area
of the bridges constructed in California were of this type. This increase is
primarily due to the box girder’s pleasing aesthetic appearance, its structural
efficiency and its favorable economic position as contractors have become
familiar with its construction. Because of the large annual volume of box
girder bridge construction in California, it is obvious that research cn box
girder bridges leading to improved design methcods and more sconomical structures
could result in substantial savings in the total dollars spent for bridge con-
struction in California.

A box girder bridge (Fig. 1) consists of a top and bottom slab connected

by vertical webs to form a cellular or box-like structure., Present design
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methods are generally based on empirical methods in which a typical repeating
I shaped member consisting of a web and a top and bottom flange, equal in
width to the web spacing, is taken from the structure and is analyzed as an
independent bezam. For wheel loads placed on the bridge, empirical formulae,
based on the web spacing, are used to determine the load distribution to the

independent longitudinal beams, Longitudinal snd diagonal tension reinforce-

Additional reinforcement is also provided in the slabs to carry transverse

and longitudinal slab bending moments, calculated again by empirical formulae,
An analytical solution of the true response of z box girder bridge under

load is complicated by the usual factors common to other reinforced concrete

structural systems, It is a highly indeterminate structure; it is made of

4]

D
i

two materials, concrete and steel; under increasing leoad it experience:
cracking and thus a redistribution of internal forces: and also the internal
forces are time-dependent because of creep and shrinkage in the concrete,
Notwithstanding these complexities, as an initial step, the development of a
general solution for box girders based on an elastic analysis of an uncracked
homogeneous system should prove of considerable value in studying structures
with a wide range of variables for interpretation purposss concerning whesl
load distribution, distribution of internal forces and moments, deflecticns,

economical dimensional relationships and general behavior,

3. Previous Studies

Numerous analytical and experimental studies have been made on the problem

of wheel load distribution on slab bridges or on bridges with slabs supported



by longitudinal beams. On the contrary, information on the distribution of
wheel loads on fully monoiithic reinforced concrete box girder bridges is
very meager,

Many investigators during the past thirty vears have attempted to simplify
the problem of analyzing a slab, or a slab on a network of beams, subjected to
loads. Among these investigators are Hetenyi [1], Leonhardt [2,3], Pippard
and deWaele [4], Guyon [5], Massonet [6,7,8], Morice, Little and Rowe [9,10,11,
12,13,14,15], and Hendry and Jaeger [16,17,18,19,20]. 1In all of these cases
the slab and beam system is converted to an equivalent gridwork of beams or
to an equivalent anisotropic slab. Once this is done the method of analysis
varies depending on the investigator., Among the methods used are distribution
and relaxation techniques, plate theory, and harmonic analysis. None of the
methods involved are directly applicable to the problem of the box girder
structure since they do not adequately represent the interaction of the in-
dividual plates and they do not yield answers for all of the important internal
forces and moments in each plate.

The problem of a box beam is frequently encountered in aircraft structures.
Textbooks by Niles and Newell [21], or Bruhn [22], and a paper by Nieman [23]
outline procedures for the analysis of box beams. These procedures assume that
due to the presence of transverse stiffeners or bulkheads, no transverse dis-
tortion of the beam cross-section occurs. Since, in general, the box girder
system does experience transverse distortion, the above procedure cannot be
used for this problem.

An accurate solution for simply supported box girder bridges can be obtained

using the theory of prismatic folded plate structures. This approach, which



forms the basis of the present investigation, requires an enormous amount of
computation and thus has become practicable only with the advent of fast
digital computers with large storage capacities. Many papers have been
written on the analysis of folded plates. A comprehensive bibliography on
this subject is given in the report of the ASCE Task Committee on Folded Plate
Construction [24]. Particularly pertinent to the present study are the papers
by Goldberg and Leve [25] and De Fries and Scordelis [28],

The only previous comprebensive experimental and analytical investigation

specifically on reinfcrced concrete box girder bridges is that reported on by

Davis, Kozak, and Scheffey [27]. 1In tiis reseavch program an extensive test
program was conducted on a prototype, 4-cell, box girder hridgs having an 80
ft. simple span. These experimental results were then correlated with
analytical studies based on folded plate theory.

A number of other papers have been written on various aspects of box
girder structures of varicus types and for reference they have been included
in the selected bibliography, covering the past 30 years, at the end of this

report.

4, Scope of Present Investigation

This investigation was concerned with the elastic analysis of a simply

supported box girder bridge. This typs of bridge may be thought cof as g

series of rectangular plates interconnected along longitudinal Jcoints to form
a cellular structure supported at end diaphragms. Conceptually, this type

of structure is similar to folded plate structures which have cfter been used

for roof systems. The roof system is somewhat simpler than the box girder



bridge since the connected plates do not form a closed cellular structure.

In the present study a direct stiffness solution for box girder bridges
using a folded plate harmonic analysis based on the elasticity method [26] was
developed. In this method, elastic plate theory is used for loads normal to
the plane of the plates and two-dimensional plane stress theory is used for
loads in the plane of the plates. Using this method, solutions for box girder
bridges, with and without intermediate diaphragms, under concentrated or dis-
tributed loads anywhere on the bridge were obtained.

These solutions were then used to write general computer programs in
which the basic input consists of the span; the geometry and material properties
of the plates; the loading conditions; and the boundary conditions along each
longitudinal joint. Final output from the programs include joint displace-
ments, reactions, and all of the internal forces, moments and displacements at
selected points in the structure.

On the basis of data supplied by the Bridge Department of the State of
California, a review was made of over 200 simple span box girder bridges which
have been constructed in California during the past ten years. Among the
information collected and studied for each bridge were the span, width, depth,
number of cells, spacing of webs, and thickness of top and bottom slabs and
webs. This data was summarized and used to select.the basic dimensions of
example bridges used in parameter studies with respect to load distribution in
box girder bridges. The examples, all analyzed by the computer programs
developed, included two spans,60 ft. snd 80 f£t., four cross-sections, 3, 4, 6,
and 8 cells; and four loading conditions involving a single unit load at mid-

span placed at four lateral positions on the bridge.



I1, ANALYTICAL MODELS AND WMETHODS

1. Basic Assumptions

Various analytical models may be used to repregent the simply supported
box girder bridge. In this chapter the following assumptions are common to
all of the analytical models discussed.

a. Each plate of the box girder is rectangular, of uniform
thickness and is made of an elastic, isotropic and
homogeneous material,

b. The relation betwesen forces snd deformations is linear,
s0 that superposition is valid.

¢. The structure is completely monolithic.

d. End support and intermediate diaphragms are infinitely
stiff in their own plane, but perfectly flexible normal

to their own plane,

The objective of the analysis may be stated simply ag follows: given,
a structure with known geometry, loadiag, boundary cenditions and material
properties; find, the resulting internal forces, moments, displacements and
reactions. Several possible analytical models and methods will now be

discussed.

2. Beam Method

The simplest approach for determining the longitudinal stresses in g
box girder is to consider the entire crossz-section to act as z beam and

calculate the longitudinal stresses on the basis of the flexure formula From



elementary beam theory. The assumptions of this theory are:

a. The longitudinal fiber strains and stresses have a planar
distribution over the entire cross-section,

b. As a result of assumption,a, all points on a given cross-
section experience the same resultant deflection and there-
fore, there is no transverse distortion of the cross-section.

c. The resultant of the external loads passes through the

shear center,

Since the box girder is made up of relatively thin plates the assumption that
no transverse distortion occurs is not generally satisfied and thus the beam
method can give results which are considerably in error. Also in most cases
the resultant load does not pass through the shear center, in which case the

effect of torsion must be considered.

3. Fquivalent Gridwork

In this approach each plate in the structure is replaced by a series of
orthogonal slab strips that are taken as an equivalent gridwork of beam type
members (Fig. 2). These grid members are assigned axial, bending, and
torsional stiffnesses to approximate the two way plate behavior and are con-
sidered rigidly connected at the joints to form a three-dimensional rigid
frame. The equivalent structure is then analyzed for the given loading to
determine the internal forces and moments in the grid members which in turn
are interpreted and converted to corresponding quantities in each of the
actual two-dimensional plates. Since the rigid frame analyzed is three

dimensional, each joint has six degrees of freedom, thus from a practical
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standpoint the analysis can only be performed using a digital computer,
Even then the size of matrices, and the computation tims required in the
solution are considerable. Another disadvantage is that the gridwork is only

an approximation of the true structure.

4, Finite Difference Method

The finite difference method for the analysis of the box girder system
involves the representation of the governing differential eguations for thin
plates loaded in their own plane and normal to their own plane by a system of
finite difference equations. A system of grid points or nodes is established
on the structure and the various derivatives in the differential equations for
the continuum are expressed in terms of differences of selected quantities at
adjacent grid points. This leads to a large system of algebraic equations
which requires a digital computer for sclution. The accuracy of the solution
is dependent on the fineness of the mesh size used. While this method is
generally versatile, it becomes somewhat involived in application, especially

in the interpretation and incorporation of certain boundary conditions,

5. Finite Element Method

In this method each plate is physically subdivided into a number of
discrete finite elements interconnected at nodal points (Fig., 3). At each
nodal point there are six degrees of freedom and for each of these a known
force or a known displacement may exist. If a certain force is known the
corresponding displacement is unknown, and vice versa, A direct stiffness

solution can be used to find all of the unknown nodal point displacements and
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forces. Once these are known the internal forces and stresses may be deter-
mined., The key step in this approach is the development of element stiffness
matrices for the individual finite elements which can accurately approximate
the behavior of the continuum,

This method is perhaps the most versatile of those presently available.
It can be used for arbitrary loadings and boundary conditions. It also can
treat the cases of varying dimensional and material properties throughout the
structure, as well as the case of cutouts in the plates. It has the dis-
advantage that it involves the solution of a very large system of equations
for structures of the complexity of the box girder bridge. The size of the
problem is large even for present day computers, in terms of storage and
computer time required for solution. In addition the method is approximate
with ite accuracy being dependent on the fineness of the subdivision used in

dividing the structure into finite elements,

G. Folded Plate Method

This method is ideally suited to box girder bridges which have simple
supports at the two ends, since a harmonic analysis using Fourier series can
be used to analyze structures for both concentrated and distributed loads on
the bridge. The bridge is treated as a series of rectangular plates inter-
connected aiong the longitudinal joints. Each plate is first analyzed in-
dependently by elastic plate theory for loads normal to the plane of the
plate and by two-dimensional plane stress theory for loads in the plane of
the plate. The stiffness matrix for a single plate can then be expressed in

terms of the harmonics of a Fourier series. For each harmonic, the plate has
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only four degrees of freedom at each longitudinal edge. A direct stiffness

solution is used to analyze the total structure consisting of the inter-

connected plates.

This method also requires the use of a digital computer for solution, but

it is considerably faster and requires less storage than the finite element

method, since it involves a fewer number of degrees of freedom. Any loading

can be treated as long as it can be represented by a Fourier series and the

solution
All
based on

be given

is exact within the assumptions of the elasticity theory.
the analyses and computer programs discussed in this report have been
the "Folded Plate Method” and a more detailed description of these will

in the next chapter.
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I1T. THEORETICAL ANALYSIS OF CELLULAR FOLDED PLATES

1. Introduction

A structure may be thought of as an assemblage of structural elements
interconnected at joints. 1In the case of a cellular folded plate structure
(Fig. 4), simply supported at its two ends, the structural elements can be
taken as the individual rectangular plates which are interconnected at
longitudinal joints and frame into transverse end diaphragms. Such a structure
can be effectively analyzed by an extension of the direct stiffness method

described by De Fries and Scordelis [26] as outlined below.

2. Solution of Cellular Folded Plates Without Interior Diaphragms

Because of the simple supports at the two ends of the structure, an
analysis for applied loads with any arbitrary longitudinal distribution may
be performed using a harmonic analysis. The applied forces are first resoclved
into Fourier series components. An analysis is carried out for all of the
loading components of each particular harmonic and then the final results are
obtained by summing the results for all of the harmonics used to represent
the load. Once the solution technique, which involves extensive computations,
has been developed for a single harmonic it can be reused for any harmonic,
and thus the approach is well suited to the application of a digital computer,
The analysis for each harmonic load has the advantage that such loads
will produce displacements of the same variation and vice versa and thus a

single characteristic value may be used to describe any force or displacement
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FIG. 4 SIMPLY SUPPORTED CELLULAR FOLDED PLATE

Simply d
Supported 5
0 o X d
A d L
2 7
yv < Simply
,/i Supported

y Vz

FIG. 5 PLATE ELEMENT COORDINATE SYSTEM

y ' Myx

FIG. 6 POSITVE INTERNAL FORCES AND
DISPLACEMENTS IN PLATE ELEMENT



pattern. For example the displacement pattern:

) . Aamx )
r{x) = r 8in e (1)
O L

may be described by the single value WOQ This makes it possible to treat an
entire joint as a single nodal point and to operate with single forces and
displacements instead of functions. If the condition of static equilibrium
and geometric compatability are maintained at a nodal point, they will auto-
matically be satisfied along the entire longitudinal joint.

Each joint or nodal peint has four degrees of freedom, it can displace
vertically and horizontally in a plane parallel to the end diaphragms; it can
move longitudinally parallel to the‘joint; and it can rotate about an axis
parallel to the joint. The structure in Fig. 4 has 6 nodal points and thus
a total of 6x4 = 24 degrees of freedom.

Each individual plate (Fig. 5) taken as a free body will be subjected to
surface loads and will experience displacements and forces along its two
longitudinal edges. Due to these effects, internal forces and displacements
(Fig. 6) will be developed throughout the plate. Using clagsical thin plate
theory for loading normal to the plate and the elasticity equatious defining
the plane stress problem for loads in the plane of the plate, expressicns can
be derived for internal and edge forces due to surface loads, for the case of
the longitudinal edges fized against displacement. These ars termed fixed

edge forces and at each edge consist of a transverse membrane force, a

longitudinal membrane shear force, a shear force normal to the plate, and a
moment about the longitudinal edge (Fig. 7). Expressions relating these same

four forces at each edge in terms of each of the corresponding edge displacements
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can also be derived to yield an element stiffness matrix., Internal forces at
any point can also be stated in terms of each of the edge displacements. All
of these necessary formulae have been derived and presented by Lo [71] and by
Goldberg and Leve [25]. Since both the formulae and their derivations are

quite lengthy, they will not be repeated here,

With the above formulae available, the direct stiffness solution for a

typical harmonic can proceed as follows:
a. Fixed edge solution for surface loads.

(1) Resolve the given surface loading on each plate into normal
¥ and tangential components,
(2) Determine the internal and fixed edge forces due to the
é surface loading with edges fixed against displacements.
(3) Resolve the fixed edge forces from all plates coming into
a common Jjoint into components corresponding to a fixed or
global coordinate system for the structure (Fig. 38).
(4) Sum the forces in (3) to determine the total external joint re-

straint or holding forces af each joint.

b. Solution for structure subjected to joint loads only.

(1) Add to the given external joint forces. a set of forces
equal and opposite to the joint restraint forces found
for the fixed edge solution above. Treat this sum as the

total external loading R at the Jjoints, referred to a

fixed coordinate system (Fig. 9).



(2)

(3)

(4)

(5)
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Determine the corresponding joint displacements r for the
structure by means of the following steps of a standard
direct stiffness solution [26].

The element stiffness matrix k is formed for each plate
relating element edge forces S to element edge displacements
v, referred to a relative or element coordinate system.

(Fig. 7).

{S} = [k] {V} 2

The edge forces S and displacements v in Eq. (2) are resolved
into a fixed coordinate system (Fig. 8), S and 5, by means of

T
a displacement transformation matrix A and its transpose A",

i

{vl=[a] {v] )

T

{s} = [A]" (s} (4)

By substituting Egs. (3) and (4) into (2) the following is

found,

(5} = (a7 [x] [a] (¥} (5a)
or {s} = [kx] {V} (5b)
where [k] = [A]T [x] [A] (6)

The matrix k is an 8x8 element stiffness matrix in the fixed

coordinate system.
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(6) Egq. (5b) is partitioned as follows

3 k. k. v
i i ij i
_ = _ B _ (73
8 k.. k v
J Ji J J
where 1 and j refer to the joint numbers at the two edges
of the plate. The above procedure is repeated for each
plate element.
(7) Static equilibrium of any joint requires that the joint
forces must equal the sum of the element forces acting
on the plate edges that form that particular joint. For
illustration, assume three elements are connected at
Jjoint 1.
R 1-1{5 7+ (5%1+ (5% (8)
i R B i’ i
(8) Geometric compatibility of the joint requires that the
Jjoint displacements must be equal to the plate edge
displacements
-~ 1 - 2 - 3

(9) The stiffness matrix K for the entire structure can now
be assembled by properly adding the element stiffness
matrices of Egq. (7). The size of the K matrix for m
Joints, will be 4mx4m. As an example, the structure
shown in Fig. 4 will have a 24x24 K matrix which will

take the following form,
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' ™ = '
K K ¥
Ry 1 12 %3 0 0 0 1
R x T g 0 0 0 r
2 12 2 24 2
R kT 9 K K K 0 r
3 13 3 34 35 3
< R ?: 0 K ¥ g T K 0 K { > a0
"4 S04 ®34 %4 46 T4
R 0 0 K L 0 K K r
5 35 %5 56 5
T T
R6J Mo 0 0 Kio Kog KGW“ r,

In symbelic form this equation may be written for a

general structure as
{R} = [K] {r} (102)

In Eq. (10) the subscripts refer to joint number. The
diagonal submatrix Ki represents the forces developed

at joint i due to unit displacements applied at the same
Jjoint. Each diagonal term is the sum of the plate
element stiffnesses Ei of a3l1l of the plate elements connected
to joint 1.

e

. 1)
i

K, =T k
e
in which the superscript e represents plate element number.
The off-diagonal submatrix Kij represents a coupling
effect, that is the forces developed at joint i due to

unit displacements at joint j. Two joints are coupled only

if there is a plate element between them, 1In general,
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there is at most only one such element

i K, & =k, . (12

The joint numbers assigned are arbitrary, but should

be arranged to minimize the maximum difference in the
Jjoint numbers of any plate. 1In this manner the K matrix
will have the narrowest band width possible and result

in a more rapid solution in the computer.

(10) Once the structure stiffress matrix is formed, ,Eq.. (10) can be
solved for the unknown displacements using a recursive
procedure similar to that presented by Clough, Wilson and
King [68] for tri-diagonal matrices,

(11) With the joint displacements r known, the plate edge dis-
placements v in the element coordinate system are deter-
mined through the use of Egs. (9) and (3).

(12) Internal forces and displacements in each plate are cal-
culated by the expressions described earlier relating

these quantities to plate edge displacements,

¢. Final Results.
(1) These are obtained by adding the results of paragraph a,
fixed edge solution for surface loads only, to those of
paragraph b, solution for structure subjected to joint

loads only.
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3. Solution of Cellular Folded Plates with Interior Rigid Diaphragms

In structures such as box girder bridges, interior diaphragms may be
added to the cellular folded plates structure described in the preceding
section in order to improve its load distributing properties. In the follow-
ing discussion these diaphragms will be assumed to be infinitely rigid in
their own plane, but perfectly flexible normal to their own plane. For
simplicity consider the structure shown in Fig. 10, which is a one cell
structure with one rigid diaphragm at midspan.

A force method of analysis is used in which the redundants are taken
as the interaction forces between the folded plate and the rigid diaphragm,
These are represented by a set of three joint forces at each longitudinal
Joint, consisting of vertical, horizontal and rotational components and a
set of four plate forces for each plate, consisting of distributed normal
and tangential forxces having triangular variations between the two longitud-
inal edges of the plate. The structure shown in Fig. 10 would have a total
of 28 redundants. All of the interaction forces are assumed to be uniformly
distributed in the span direction over a2 length equal to the diaphragm
thickness.

The redundant interaction forces are determined as those required to
establish compatibility between the folded plate and the rigid diaphragm
at the longitudinal joints in the vertical, horizontal and rotational
directions and at third points between joints in directions normal and

tangential to the plane of the plate.
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Once the magnitude of the redundant forces are known the cellular folded

plate can be analyzed, by the method already discribed for structures without
diaphragms, for both the external loading and the redundants acting together,
to obtain the final results.

| A distinction must be made between the case of an interior rigid diaphragm
which is externally supported so that it cannot displace and the case in which

; it i1s not externally supported so that it can displace as a rigid body and thus

be termed a movable diaphragm. 1In the first case compatibility requires that

the total or absolute displacement of the folded plate structure at each of the

points where the redundants exist must be equal to zero, while in the second
case the relative displacement between the folded plate structure and the
movable diaphragm at each of these points must be equal to zero. The procedure

for solutions in each case is described below.

a, Interior diaphragm externally supported.

(1) With the redundants set equal to zero, the structure is
analyzed under the given external loading. This is the
same as the case without diaphragms already described.
A displacement vector is found for this case, which
defines the displacements at the points where the

redundants are to act.

(63, = {&b, (13)




(2)

(3)

(4)

The folded plate structure without a diaphragm is analyzed
for unit values of each of the redundant forces X and the

corresponding flexibility matrix is formed.

1 11 12 1c 1

8 = F F . F X (14)

4 2} 21 22 . 2c % 2

or simply
{83, = [F] [x] (142)

Since the diaphragm does not displace for this case, the
total or absclute displacement of the folded plate
structure at each of the points where redundants exist

must equal zero

{6} = {8]  « {8}, =0 (15)

Substituting Eq. (14a) into (15) the redundants may be
found
{8}, + [F] {x} =0

-1 (16)
() = - 17t gs)



b. Interior diaphragm not externally supported (movable diaphragm) .

(1)

(2)

Since the rigid diaphragm is rot externally supported,

but is supported directly by the folded plate structure

(Fig. 11a), each redundant fo
equilibrating when cousidering the diaphragm as a free
body alcone (Fig. 11lc).

The relationship between the new redundant force patterns
X and the individual redundant forces X used in the pre-
ceding section, is defined by a force transformation

matrix B.
{X} = [B] {i} (17)

In the usual case in which the rigid diaphragm can
experience three rigid body displacements {(two trans-
lations and a rotation in the plane of the diaphragm) X
will have 3 more elements than X, The B matrix is
formed by assuming the rigid disphragm is connected in
a statically determinate manner to the folded plate
system, such as by a rigid connecticn at jcint 3 of
Fig. 1la. The interaction forces betwsen the diaphragm
and the folded plats at the remaining joints 1, 2, 4
as well as those distributed along the plate between the
Jjoints make up the new set of redundants. Applying each
of these redundants X to the diaphragm along (Fig., 1ic),

the necessary eguilibrating support forces at joint 3



(3)

(4)
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are found and the resulting forces on the folded plate
system (Fig. 11b) corresponding to the original X
redundant system are found to form the B matrix.

Matrices B and X depend on how the diaphragm is
assumed to be initially statically connected to the
folded plate system. For example, the diaphragm could
be assumed connected to the system by one pinned Joint
(two restraints) and another roller joint (one restraint)
rather than the fixed joint (three restraints) used above.
The transpose of the B matrix will also relate the
relative displacements 8 between the movable diaphragm

and the folded plate system to the total or absolute

displacements & of the folded plate system.

(3} = 81" {6} (182)
(83, = (81" {83, (18D)
{6} = (81" fe3, (18¢)

Substituting Egs. (14a) and (17) into Eq. (18c¢c) yields

817 [F] [B] {X}

—~

o

—
|

= [F] {X} (19)

where [F] = [B]T [F] [B] (20)
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which is the modified flexibility matrix for unit inter-
actions between the movable diaphragm and the folded plate
structure.

(5) The redundants X may then be found by setting the relative
displacements between the movable diaphragm and the folded

plate structure equal to zero,
{61 = {6}0 +{8} =0 (21)
substituting Egq, (19) into (21)

{8}« [F) (X} =0
_ oy (22)
{x} = - [F] ~ {8}

O

The individual redundant forces X in the original system

may then be found from Eg, (17).

(6) 1If there are more diaphragms than one in the structure,
the procedure for analysis is essentially the same except
the redundants at each diaphragm must be included,.
However, the force transformation matrix regquires additional
attention. Suppose there are c¢ diaphragms, Eg. (17)
should then be written in the following generalized form.

B B 1 > A
( XI BI 0 : 0 XI

XII © BII . o II

4:>:: SR I ¢ (23)
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described in this chapter.
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The subscript refers to the diaphragm number. In case

all diaphragms are similar, the force

submatrices are identical.

On the other hand, when any diaphragm

is supported externally so it can not

transformation

(24)

(say diaphragm i)

displace, the

corresponding transformation submatrix§gBi becomes a

unit matrix so that ii = Xi

Computer Programs

Two general computer programs have been written to perform the analyses

The first program, entitled MULTPL, is for the

solution of cellular flded plates without interior diaphragms and the second

program, entitled MUPDI, is for the solution of cellular folded plates with

interior diaphragms.

the IBM 7094 computer.

Both programs were written in FORTRAN IV language for

Detailed descriptions of the input, output, sign

conventions, and limitations and restrictions for these programs are given

in Appendices A and B.." A brief descriptiom.of these: is given below,

Input Data

Geometry and dimensions of the structure in terms of the

number of plates, joints, diazphragms, etc,

Dimensions and material properties for each plate element.

Magnitudes and locations of uniform and partial surface loads.



(1)

(5)

(6)

(7)

Boundary conditions at the longitudinal joints. Any
combination of known forces and given zero displacements
may be used.

Magnitudes and locations of additional concentrated joint
loads.

Location and thickness of each diaphragm and indices for
restraint conditions on each joint and plate element.
This is used only in the MUPDI program.

Desired locations for final results in output.

Output Data

(1)

(2)

(3)

(4)

The complete input data is properly labelled and printed
as a check.

For a solution by the MUPDI program, the interaction
(restraint) joint and plate forces between each diaphragm
and the folded plate system are printed.

Resulting horizontal vertical, rotational and longitudinal
Jjoint displacements are given at specified locations,

For each element all internal forces and displacements

are printed for each transverse section specified across
the plate width and at the x-coordinates specified along

the plate length.
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Limitations, Restrictions snd Remarks.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

The maximum number of plate elements and joints for MULTPL
are 150 and 100 and for MUPDI are 30 and 20.

Up to 100 non-zero terms of the appropriate Fourier series
may be used to express the lcads.

The maximum absolute difference between the two joint
numbers of any plate element is 4.

All surface loads are uniformly distributed over the
loaded area. They may be distributed over any length

of the plate desired,

Joint loads may be concentrated or uniformly distributed
line loads over any length of the joint desired.

For the MUPDI program, restrsint conditions on joints

and plate elements are indicated by input restraint
indices. If there are more diaphragms than one, the
restraint conditions are the same for all diaphragms,

but each diaphragmn can be either supported externally

or unsupported (movable).

For the MUPDI program, the maximum number of interactions
(connections) between the folded plate system and all

of the diaphragms must not exceed 120. The maximum number
of diaphragms is 4.

Computer time required for the solution of typical cases

is given at the end of Chapter VI.
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IV, EXAMPLES

1. General Remarks

The computer programs described in the preceding chapter provide a
powerful means for the analysis of a wide variety of problems. Numerous
examples have been run and studied to check the validity of the results obtained.
In all cases the comparisons with exlsting solutions were excellent. These
have included individual plates subjected to loads either normal to the plane
of plate or in the plane of the plate. These results were compared to those
obtained by classical plate theory by Timoshenko [69]. 1In addition a large
number of folded plate problems were run and checked against existing known
solutions. Statics checks were also performed on the results from a number
of cases and again these were found to be excellent.,

At the request of the State Bridge Department several actual bridges
completed or under design were analyzed for special loading cases. To
illustrate the variety of problems which can be treated, each of these will

be briefly described and discussed.

2. Harrison Street Undercrossing

This bridge, Fig. 12a, was the prototype bridge used in the study by
Davis, Kozak and Scheffey [27]. As part of their study analyses were made
by Davis using a special computer program, based on the Goldberg-Leve [25]
plate equations, which was developed specifically for the prototype bridge.
Several load cases used in that study were analyzed using the general

computer program developed in the present study. Since the basgic assumptions
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used in the analyses in the two studies were the same, the final answers
obtained should be essentially the same, even though different procedures
and computer programs were used to arrive at these answers. This proved to
be the case,

A typical comparison for longitudinal stresses O% at the 5/12th span
section is given in Table 1 for the points shown in Fig. 12b for the case of
two test vehicles located on the bridge in the positions indicated in Fig.
lZ2c. In Table 1, Col. (1) represents the results obtained by Davis using the
first 8 harmonics to represent each concentrated wheel load; and Cols. (2)
and (3) represent results obtained using 8 and 50 harmonics respectively with
the computer program developed in the present study,

TABLE 1. LONGITUDINAL STRESSES Ty (PSI) AT 5/12th SPAN OF
HARRISON STREET BRIDGE FOR LOADING SHOWN IN FIG. 12¢

Location Top Slab Bottom Slab

(see Fig.
12b) (1) (2) (3) (L) (2) (3)
A -139 -135 -134 176 170 169
1 ~140 ~138 -137 173 170 169
B ~-149 ~147 ~142 180 179 172
2 -147 -146 -145 178 177 175
C ~-153 ~153 ~148 184 i85 178
3 ~150 ~-150 ~-148 181. 182 180
D -155 ~155 ~149 190 189 183
4 ~149 ~148 ~148 187 186 185
E -152 -1561 -147 195 195 187
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Results in all three cols. are in quite close agreement, first, in-
dicating a check between the two studies and second, that the use of additional
harmonics to represent the coucentrated loads does not change the stresses
appreciably for this loading case because the section at which the stresses

are found is some distance away from the concentrated wheel loads.

3. La Barranca Way Undercrossing

This example illustrates the application of the program to a bridge with
a curved bottom soffit, Fig. 13. The curved soffit near the exterior edges
of the bridge was approximated by s series of short flat plates, and analyses
were carried out for dead load and for the case of shrinkage in the top slab
only, In the latter case, since the top slab is cast separately at an
interval of one week to ten days after the hottom portion of the bridge,

. . L. 5] ) , 6 .

different moduli of elasticity EC equal to 1.5 x 10" psi and 2.5 x 10~ pei

respectively are assumed for these two parts in the analysis. The shrinkage

case was analyzed as follows:

a. All longitudinal joint were assumed locked in position
and the transverse joint forces due to shrinkage required
to hold them in this position were determined, These
forces can be found by first allowing the assumed free
transverse shrinkage strain to occcur in each plate and
then finding the transverse elastic tensile force required
to bring the plates back to their original position.
Algebraically summing the tensile forces from the plates
framing into a particular joint gives the required joint

holding forces.
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b. The complete structure is then analyszed for'joint 1oads
equal and opposite to the above holding forces, using
the proper assumed EC for each plate.

¢, The final results are obtained by the superposition

of a and b.

It should be apparent that problems involving differential temperature changes

in the plates can be handled in the same way.

4, College Avenue Undercrossing

In order to determine the live load distribution for the exterior girder
of this bridge, Fig. 14a which had a sloping soffit, two snalyses were run
using equivalent single axle loadings at midspan of 16 and 12 kips placed
at each of the load points shown in Figs. 14b and 14c, respectivelyu Re~-
sulting midspan longitudinal stresses are also shown, in Figs. 14b and 14c,

It should be noted that even though for compatibility the longitudinal strains
in all plates meeting at a common joint must be the same, the longitudinal
stresses will differ slightly due to the contribution of different transverse
strains in the plates and Poisson’s ratio. Modulus of elasticity Ec and

‘ 6
Poisson's ratio  were taken egual to 3.0x10  psi and 0.15 respectively.

5. Sacramento River Bridge and Overhead

This bridge consists of a top slab of concrete integrally cast with a
steel system consisting of top flange plates, stiffened web plates, and a
stiffened bottom plate used to form the box girder system idealized in Fig.

15a. The system has 23 plates and 16 longitudinsl joints. Detailed makeup



37

69’-« Oll
7 7at 710" 7-1"
165/2"
WMBH ? + 4i~ On
Tsys
(a) CROSS-SECTIONAL  CENTERLINE  DIMENSIONS.

EQUIVALENT  LONGITUDINAL  SIMPLE SPAN = 90 FT

1243
~ 36 -BRe G4l
' ;p’ &pl & p";%\\m;._m;&ﬁm_;} 38 -z290 263 -~268
\ ) N N 3

Y 405 346 38

6
(b) MIDSPARN LOMGITUDINAL STRESSES O'x {Psi)
LOADING NO. T ., P, = 16 KIPS
-i54% -isgy 1T -isel ;‘j*\i 1467 578
SHZIB el e -1225 o
AP PP gR 4P 4P P PN;M\;//?\MP =
> 4 }2 @2 2 {2@2 2 R 1R i u
_— L . e
R e - — i . ~— -
WWW“\/W
/’«1\9\;;“ 1960 1902 1823 T4z 1T 61 1709
2E3 8
(c) MIDSPAN  LONGITUDINAL  STESSES O, (PSI)
LOADING NO. II, P,z 12 KIiPS

2

FIG. i4 DIMENSIONS, STRESSES AND LOADING FOR
COLLEGE AVENUE  UNDERCROSSING



38

and dimensions of the actual bridge are not given because of the complexity
of the system. In addition, this bridge is to have several transverse,
truss~type, steel cross-frames which act as diaphragms.

Several cases were analyzed for this complex bridge. The loading for
one case in which equivalent concentrated loads were used to represeunt the
actual truck loads is shown in Fig. 15b., Results for longitudinal stresses
UX at midspan due to this loading are shown in Figs. 16a and 16b. 1In Fig,
l6a no cross-frame diaphragms were assumed in the analysis and in Fig., 16b
the bridge was analyzed with four cross-frames assumed to be rigid diaphragms.
The beneficial effect of the diaphragms in distributing the load more uniformly

across the width of the bridge is evident.

6. Summary

It should be emphasized that much more additional information is obtained
from the computer analyses than that indicated in the brief descriptions given
above. This includes all of the internal forces, moments and displacements at
any desired points in the structure. These detailed results can be used to

give a total picture of the behavior of the hridge.
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V. REVIEW OF EXIS

BOX GIRDER B

1. teneral Remarks

Box girder construction in California was initiated and developed primarily

desirable bric type for a freeway system in

in the Los Angeles area

4]
£
o

highly developed residential and commercial areas, Its pleasing aesthetic

appearance due to its smooth continuous lines and its ability to conceal and

i

carry utilities in its cells were its prims advantages., As contractor

throughout the State became familiar with box girder conztruction and con-

sistently bid favorably on it, its use spread rapidly.

far the most widely used bridge type in Califcrnia.

box girder bridges a review was made by the State Bridge Department of over

200 simple span box girder bridges constructed during the past ten years in

depth-span ratios,

California, Available data on spans, widths , depth:

of top and bottom slabs and

number of cells, width of cells, and thickne

webs are summarized in Figs. 17 through 25, For some
data on certain bridges was unavailable and thus is not inecluded in the

figures. The figures give totals ftor all bridges with or without interior

arately indicate values for bridges without diaphragn

diaphragms and also =
74 of the bridges had nc interior diaphragms, 129 had one, 26 had two, 1 had

three, 1 had four, and the remainder were unspecified,.
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2, Span Lengths (Fig. 17)

For all bridges a heavy clustering exists in the 50 to 90 ft. Span range.
For bridges without diaphragms this is particularly true and it can be seen
that for spans above 85 ft., all bridges had at least one interior diaphragm.
The concentration of bridges in the 50 to 90 ft. span range 1s primarily
a result of economics. In this regard the Bridge Department‘'s “Manual of Bridge

Department Practice” [70] (p. 6-5) states:

"For average cases with ample headroom the box girder and
T~beam cost approximately the same at spans of 80 ft. Under
80 ft. the T-beam is cheaper; over 80 ft. the box girder is
more economical. Where structure depth is limited, the economic

range of the box girder is lowered to as little as 50 ft.,”

Undoubtedly, the latter factor as well as considerations of appearance have

prompted the widespread use of the box girder for spans below 80 ft.

3. Overall Widths (Pig. 18)

The overall widths are a direct function of the number of bridge lanes

and tend to be concentrated at certain widths for this reason.

4, Overall Depths (Fig. 19) and Depth-Span Ratios (Fig., 20)

Of these two factors, the latter is perhaps most relevant and Fig. 20
shows a heavy use of depth-span ratios, in the .050 to .065 range, It is
interesting to note in this respect that the Bridge Department'’s design

manual [68] recommends a normal use of .065 for simple spans and cautions
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against the use of values below .053 without prestressing, because of the

excessive plastic flow in these shallower bridges.

5. Width of Cells (Fig. 21) and Number of Cells (Fig. 22)

The width of cells (web spacing) used varies to fit different roadway
width requirements, but as seen in Fig. 21 a spacing between 7 and 8 ft. is
most often used. As the width becomes greater the top slab bending moments
due to wheel loads become larger, but on the other hand the number of girder
webs become fewer. Generally, within the range 7 to 9 ft., the width of cells
which gives the least number of webs is considered to be the most economical,
The number of cells is of course a function of overall width and width of
cells, but it can be seen from Fig. 22 that the majority of bridges have from

4 to 9 cells.

6, Top Slab (Fig. 23), Bottom Slab (Fig. 24), and Web Thicknesses (Fig. 25)

The top slab thickness is governed by the slab moments produced by dead
load and concentrated wheel loads. These moments are in turnh a function of
the web spacing. 1In Fig. 23 it can be seen that almost all of the bridges had
a top slab thickness between 6 and 7 in. with a large percentage being 6-1/2
in. thick,

The bottom slab thickness is generally designed on the basis of a minimum
thickness of 1/16 of the clear span between the webs. Fig., 24 shows that a
5-1/2 in, thickness seems to be a standard adopted by many designers.

The web thickness, Fig. 25, is governed by shear at the supports and by
an arbitrary practical minimum Qf 8 in. at midspan specified in the Bridge
Departments design manual [67]. At the support the thickness is increased by

flaring to carry the necessary shear.
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VI. PARAMETER STUDIES

1. General Remarks

The behavior of box girder bridges subjected to concentrated wheel loads
is influenced by a number of parameters. Among these are those reviewed and
tabulated for existing bridges in the preceding chapter. Based on this review,
a number of cases involving a typical range of the important parameters were
selected and analyzed using the computer. Because of the large amount of
information output by the computer it was decided to concentrate the study of
the results on those internal forces and moments which are most important in
terms of the design of box girder bridges. Thus, in general, only the midspan
values of longitudinal stresses og, percentage distribution of the total mid-
span moment to each girder, transverse slab moments Myy and longitudinal slab
moments MX are presented and discussed in this chapter.

The cases studied included two spans ~ 60 or 80 f£t; four cross-sections -
3, 4, 6, or 8 cells; and four transverse positions of a single 1000 1lb. con-
centrated load at midspan., In all cases the concentrated load was assumed to
be a line load having a length of 1 ft. to approximate a wheel load. 1In each
computer solution the concentrated line load was represented by the sum of
the first 99 harmonics of the Fourier series. This involved 50 non-zero
harmonics since the load was symmetrical with respect to midspan. Results for
the above cases were obtained for simply supported bridges without diaphragms.
These are presented and discussed first. In addition, for the case of the 60O
ft. span, 6 cell bridge, analyses were run for a case of one rigid diaphragm
added at midspan and also for a case in which the bottom slabs only were sliced
longitudinally to eliminate the transverse continuity of the box girders at
these sections. Results for these special cases are presented and discussed

in the latter part of the chapter,
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The cross-sectional dimensions for each example bridge together with the
four transverse load positions at midspan and the girder designations are shown
in Fig. 26. Two overall bridge widths, 28 and 56 ft., and two cell widths, 7
ft. -0 in. and 9 ft.-4 in., were used resulting in the 3, 6, 4, and 8 cell
bridges shown., Note that the 3 and 6 cell bridges have similar cell dimensions
as also do the 4 and 8 cell bridges. The 60 ft. span bridges had an overall
depth of 3 £t.-6 in., and a depth-span ratio of .0583, while similar quantities
for the 80 ft. span bridges were 4 ft.-9 in. and .0594. All of the example
bridges had dimensions for the top (deck) slab, bottom slab, and web thick-
nesses equal to 6-1/2, 5-1/2, and 8 in., respectively. For ease in discussion
each case analyzed will be designated by three numbers: the span-number of

cells~-load position, for example Case 60-3-1.

2. Longitudinal Stresses, O

Midspan values of longitudinal stresses O, in psf are plotted in Figs.
27 through 34 for the four transverse load positions for each example bridge.
These and all remaining figures are presented at the end of this chapter. A

study of the results indicates several points of interest.

a, For any given cross-section and span, load position 4,
over the exterior girder web, produces the maximum
longitudinal stress.

b. For any given cross-section and span, a load placed over a
girder web produces a larger maximum stress than a similar
load placed at the midpoint between webs of an adjacent cell.
In the latter case the load has a chance to distribute longi-
tudinally before it 1s picked up by the web, while in the former
case the effect of shear lag tends to produce a concentration of

stress at the girder web under the concentrated load.
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c. The peak stress for load position 4, over an exterior girder,
is almost the same for the 3 and 6 cell or 4 and 8 cell
bridges of a given span. This emphasizes the localized
nature of this peak stress. This peak stress damps out more
rapidly in the wider bridges.
d. Except for webs directly under a concentrated load, the stresses
have essentially a linear variation over the depth of the webs.
e. The zbility of a bridge to distribute a concentrated load trans-
versely is a function of the ratio of the relative stiffnesces
in the transverse and longitudinal directions. As this ratio
becomes greater the distribution becomes better. A study of
the results in Figs. 27 through 34 bears this out since for
any given loading the longer span and narrower bridges have
lower ratios of peak to average stress on the cross-section,
indicating better load distribution properties,

3. Percentage Distribution of Total Midspan Moment to Each Girder

In present design methods, the actual box girder cross-section is divided
into individual girders consisting of a web and sa top and bottom flange. The
flanges are taken equal in width to the distance between the midspan of the cells
on adjacent sides of the web. Thus for the example bridges of the present study
all interior girders have flange widths twice those of the two exterior girders.

The girder moment taken by any girder can be found by integrating the
stresses in Figs. 27 to 34 over the proper slab and web areass to obtain forces
and then multiplying these forces by their respective lever arms to the neutral
axis of the section. The girder moments can then be summed to get their con-
tribution to the total midspan moment on the entire cross-—section. To this can

be added the contribution of the longitudinal slab moments Mxe The total midspan
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moment obtained in this way can then be compared with total statical moment
as a check on the results. This was done for all cases and excellent checks,
within 1 or 2%, were obtained. The contributions of the slab moments Mx to
the total moment were very small, again of the order of 1 to 2%.

Each girder moment can be divided by the total moment taken by all girders,
which is practically equal to the total midspan moment, to establish the per-
centage of the total moment taken by each girder. These results sre summarized
in Tables 2 to 5.

In making comparisons it should be kept in mind that the interior girders
have twice the flange widths of the exterior girder. Since these results and
those for longitudinal stresses are interdependent, several of the points made
for stresses are equally applicable here. In addition the following comments
can be made.

a. For a given cross-section the results for both 60 and 80 ft,
spans are quite similar, with a slightly better distribution
being obtained in the longer span. It should be noted again
that the depth-span ratios for both spans were practically
the same.

b. For a uniform distribution across the section, the percentage
moment taken by each interior girder would be approximately
equal to 100% divided by the number of cells in the bridge
section. This percentage would thus be 33.3, 16.7, 25.0, and
12.5% for the 3, 6, 4, and 8 cell bridges with the values for
exterior girders being approximately one-half of these. Com-
paring these values for uniform distribution with those in Tables
2 to 5 it is apparent that the bridges with the narrower width

of 28 ft. (3 or 4 cells) achieved a more uniform distribution



than those with a 56 ft. width (6 or 8 cells), thus
emphasizing that better load distribution is obtained in
the narrower bridges, as would be expected.
¢. A load at position 4, over the exterior girder web, is the
most severe loading condition for the exterior girder in
all cases. Comparing the 3 and 6 cell cases or the 4 and 8
cell cases for this loading, it cen be seen that the percentages

of the total moment tasken by the exterior girder differ by

2.

only about 3% indicating the localized effect of this loading.
d.  For each interior girder, the most severe loading condition
exists when the load is placed divectly over the web of

the girder under consideration,

TABLE 2. PERCENTAGE OF TOTAL MIDSPAN MOMENT TAKEN
BY EACH GIRDER FOR 3-CELL BRIDGE

} l 1 3‘ 3 4i

4 ’ R R

I2 I1 1 2
Span 60 ft. 80 ft,
1000 1b, ;
load at 1 2 3 4 1 P2 3 4
Girder L2 14.0 10.9 9.8 8.9 14,6 11.8 10.8 9.9
Girder L] 36,0 25.9 23.0 20.4 35.4 27.6 22.1 22,2
Girder Rl 36.0 46.0 39.8 32.3 35.4 43.2 38.8 32.8
Girder R2 14,0 17.2 27 .4 38.4 14,6 17 .4 28.3 35.1
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0




TABLE 3.

PERCENTAGE OF TOTAL MIDSPAN MOMENT

TAKEN BY EACH GIRDER FOR 6-CELL BRIDGE

LS L2 Ll C R 9 RS

Span 60 ft. 80 ft.
1000 1b,
load at 1 2 3 4 1 2 3 4
Girder L3 4,7 3.7 1.8 1.6 5, 4.6 2. 2.
Girder L2 10.6 8.3 4.0 3.7 11, 9.7 5. 5,
Girder L1 16.6 12.9 5.9 5.5 17. 13.6 7. 7.
Girder C 36,2 26.6 9.6 8.9 32. 24,7 10. 10, ¢
Girder R1 16.6 27.5 17.0 15.2 17, 25.3 17,1 15.
Girder R2 10.6 14.7 35.3 28.6 11, 15.2 32,7 27.
Girdexr R3 4.7 6.3 26,4 36.5 5, 6.9 23. 32,

Total 100.0 100.0 100.0 100.0 100, 100.0 100, 100,




TABLE 4. PERCENTAGE OF TOTAL MIDSPAN MOMENT TAKEN BY
EACH GIRDER FOR 4-CELL BRIDGE

1 2 3 4
L2 L1 C Rl R,

Span 60 ft, 80 ft,

1000 1b.

load at 1 2 3 4 1 2 3 4
Girder L2 10,2 9.2 7.7 7.2 10.9 9.7 8.4 8.
Girder L1 21.9 19.3 15.7 14.7 22.6 19.8 16.7 16, 4
Girder C 35.8 28.7 20.1 18.3 33.0 28,1 20,4 19
Girder Rl 21.9 30.1 33.1 27.1 22.6 29,7 31.5 27,
Girder R2 10.2 12,7 23.4 32.7 10,9 12,7 23,0 28,
Total 100.0 100.0 100.0 100.0 100,0 100.0 100.0 100.
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TABLE 5. PERCENTAGE OF TOTAL MIDSPAN MOMENT TAKEN
BY EACH GIRDER FOR 8-~CELL BRIDGE
b
1 2
. L
I4 : L L1 ¢ Rl 2 RS
Span 60 ft 80 ft.
1000 1b.
' 3
load at 1 2 3 4 1 2 4
Girder L4 3. 3. 1. 1.6 4, 3.9 2.3 2.3
Girder L3 7. 6, 3. 3.2 8. 7.5 4.6 4.5
Girder L2 9. 8. 4, 3.9 10. 8.8 5.2 5.1
Girder L1 14. 11. 5. 5.1 14. 11.7 6.4 6.3
Girder C 27. 21. 7. 7.1 25. 20.3 8.1 8.0
Girder Rl 14. 21, 10. 10.1 14, 20.6 10.8 10.5
Girder R2 9. 12, 16. 14.9 10, 12.3 15.5 14.6
Girder RB 7. 9. 29. 24.7 8. 9.9 27.1 23.2
Girder R4 3. 4. 22. 29.4 4, 5.0 20.0 25.5
Total 100, 100, 100. 100.0 100. 100.0 100.0 100.0




4, Slab Moments, M and M
y X

The transverse distribution of the midspan values of transverse slab
moments My and longitudinal slab moments Mx in £t-1b/ft are given in Figs,
35 through 50. Values are given for the top and bottom slabs as well as the
webs. A study of these Figs. indicates the following:

a, Maximum values of My and MX in the bottom slab
are generally very small for all loadings
when compared with those in the top slab and
the webs.

b. Significant values of IVIy and Mx exist only in
the cell being loaded for cases in which the
load is placed at the wmid point between webs
and only in the cells on either side of the
web for cases in which the load is placed
over a web,

c. Loads placed at the midpoints between webs
produce much larger {(about 3 to 4 times)
maximum values of My and Mx’ then do loads

placed over the webs.

A summary of the maximum moments produced in all of the cases in which
loads were placed at the midpoint between webs is presented in Table 6. A

number of observations can be made from a study of Table 6:
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Positive values of either My or Mx directly under
the load for all bridges having the same cell
dimensions are practically the same irrespective
;f the span, number of cells or cell being loaded.
Tabulated values of My and MX differ by less than
3% and 6% respectively.
Positive values of My in the top slab are con-
sistently about 1.5 times those of MX,
Negative values of either My or Mx’ in the top slab
at its juncture with the web for all bridges loaded
at the midpoint of the center cell are nearly the
Same as are also those for all bridges loaded at
the midpoint of the exterior cell., The latter
loading produces slightly greater negative moments
because of its unsymmetrical nature.
Negative values of My in the top slab are much
larger, about 8 or 9 times, than negative values
of M .,

X
The conclusions of paragraph ¢ and d also hold true
for the maximum moments in the web which occur at
its juncture with the top slab. The ratio cited in

paragraph d is gbout 7 times in this case,
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TABLE 6. MAXIMUM SLAB AND WEB MOMENTS (FT-LB/FT)
FOR LOADS AT MIDPOINTS BETWEEN GIRDER WEBS

Transverse MV Longitudinal M

Top Slab T Slab Web T Slab T Slab Web

MB i T Max M wakedr ® Mak-fr Ma% M

Case v v y y X X
60~-3~1 329.1 138.8 121.7 227.5 15.5 17.9
60-6-~2 329.3 139.4 127.4 226.8 16.5 18.7
60~3~-3 329.9 152.8 144.7 229.4 17.4 21.5
60~6-3 330.0 133.5 148.1 229.0 17.8 22.0
80~-3~1 321.8 135.5 11G6.7 218.1 16.7 16.3
80-6-2 322.1 136.5 115.4 217.5 17.4 17.0
80-3-3 323.1 147.5 129.6 219.6 18.3 19.3
80-6-3 323.2 148.2 132.7 219.3 18.7 19.8
60-4~2 304.7 136.4 122.4 203.0 14.3 17.9
60-8~2 305.1 134.0 121.1 202.1 14.8 17.7
60~4-3 305.6 147 .7 139.1 205.0 15.5 20.5
60-8~3 305.7 148, 2 141.7 204 .6 16.0 20.9
80-4-2 297.6 133.2 110.1 193.3 15.4 16.1
80~-8-2 297.8 131.3 109.0 192.7 15.7 15.9
80-4-3 299.0 142.7 123.6 185.0 16.6 18.3
8O ~8-3 299 1 i 143 2 126.1 194.7 17.0 18.7

E
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Longitudinal distributions of My and Mx in the top slab for loads placed
at the midpoints between webs are shown in Figs., 51 and 52. Distributions
along longitudinal lines at the midpoint directly under the load or at the
adjacent juncture with a supporting web are both shown for My“ Several con-

clusions can be drawn.

a. Distributions of My or MX at midpoint lines for the same
span and cell dimensions are essentially identical
irrespective of the number of cells in the bridge or the
cell being loaded.

b. Distributions of My at support lines for the same span
and cell dimensions are very similar irrespective of
the number of cells in the bridge. Loads placed at
the midpoint of the exterior cells {(position 3) produce
slightly greater values than those placed at the mid-
point of the center cells (positions 1 ovr 2),

c. Both My and I\/IX damp out rapidly in the longitudinal
direction especially at midpoint lines. For My' at
a distance equal to only half the cell width (4 ft.
7-1/2 in.) from midspan, the positive and negative
moments have decreased by at least 88 and 669% respectively
of their peak values, some decreases being even greater,
Mx decreases even more rapidly than My and changes

sign before damping out te a negligible value.
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5. Special Cases

In order to ascertain the effects of a rigid diaphragm placed at midspan
or the elimination of transverse continuity by slicing the bottom slabs
longitudinally at the midpoiant between webs, four additional cases were
analyzed for the 60 ft. span, 6 cell bridge. Two cases were Tor loads over
the center web and two cases were for loads over the exterior web, Midspan
values of longitudinal stresses 9, in psf are plotted in Figs. 53 and 54 for
these cases as well as for the original cases for the closed box girder
bridge without a diaphragm. In addition the percentage of the total midspan
moment taken by each girder referred to the neutral axis of the entire section
is summarized in Table 7 for these cases.

Several interesting observations may be made:

a. The introduction of a rigid midspan diaphragm improves the
load distribution properties of the bridge tremendously for
both loading conditions, as should be expected. It should
be kept in mind that in an actual bridge the diasphragm will
not be absolutely rigid and thus this improvement would be
lessened somewhat.

b. Eliminating the transverse continuity in the bottom slab
reduces the load distribution effectiveness of the bridge.
Comparing this case with the closed box without a diaphragn,
in Table 7, the percentage of total moment taken by the
most heavily stressed girder increases from 36.2 to 54.0%
for a load over the center web aud from 36.5 to 60.5% for
a load over the exterior web. Clearly the closed box is

superior in this respect.



TABLE 7.

PERCENTAGE OF TOTAL MIDSPAN MOMENT TAKEN BY
EACH GIRDER FOR 60 FT., SPAN, 6-CELL BRIDGE

62

1 4
C
L3 Rl RZ RB
1000 1b. 1load at 1 4
Case (a) (b) (c) (a) () (c)
Girder LS 4.7 9.4 1.1 1.6 5.3 ~-2.0
| Girder L, 10.6 16.2 4.9 3.7 11.3 ~1.7
Girder L1 16.6 16.2 17.0 5.5 13.8 0.2
Girder C 36.2 16.4 54.0 8.9 16.3 2.7
Girder R1 16.6 16.2 17.0 15.2 18.8 8.6
Girder RZ 10.6 16.2 4.9 28.6 21.2 31.7
Girder RS 4.7 9.4 1.1 36.5 13.3 60.5
Total 100.0 100.0 100.0 100.0 100.0 100.0
(a) Closed box without midspan diaphragm
(b) Closed box with midspan diaphragm
| (c) Bottom slab sliced longitudinally at midpoint between webs, no diaphragm
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¢, For the cases in which the bottom slab is sliced, both
tensile and compressive stresses occur in the bottom
flanges of the individual girders due to the inducement
of bending of the bottom flanges about vertical axes,
These stresses in the bottom slab and also those in the
webs are much higher for this case than for the closed

box,

f 6. Computer Times

All of the cases described in this chapter were run using the computer
program MULTPL with the exception of the special case of the bridge with a

diaphragm at midspan, for which the program MUPDI was used.

For all cases, the concentrated load, taken as a 1 ft. long line load,
was represented by the sum of the first 99 harmonics of the appropriate
Fourier series. Because of symmetry about midspan this involved 50 non-zero
harmonics. Results for all of the internal forces, moments and displacements
were output at from 4 to 8 points transversely across the width of each
plate and at 7 sections along the span. Average IBM-7094 computer times

required to analyze single cases are indicated below:

a. Closed box bridges without diaphragms.

3 cells 1 min., 10 sec.
4 cells 1 min, 30 sec,
6 cells 2 min, 10 sec.

8 cells 2 min, 40 sec.
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b, Bridges with bottom slabs sliced longitudinally.

6 cells, full section 4 min., 33 sec,

6 cells, half section 2 min. 09 sec.
c. Closed box bridges with midspan diaphragn.

6 cells, full section 21l. min. 13usec,

6 cells, half section 4 min. 39 sec,

It is apparent from the above that relatively small amounts of computer
time are required to obtain solutions for bridges without diaphragms, while
for bridges with diaphragms the computer time can become appreciable., The
increase in the latter time is related, but not directly proportional, to
the number of restraints or interconnections imposed between the bridge and
the rigid diaphragms. Restraints imposed at the longitudinal joints only,
increase the computer time much less than restraints imposed at the third
points between the longitudinal joints of the plates. TFor the 6 cell, full
section bridge, with a midspan diaphragm, 118 restraints were used with 42
being at the joints and 76 being at the third points. Comparable figures for

the 6 cell, half section bridge were 58, 20, and 38.
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VII. CONCLUSIONS

A direct stiffness sclution using folded plate theory and a harmonic
representation of the loading has been presented which makes it possible,
with the aid of a digital computer, to analyze simply supported box girder
bridges with or without interior diaphragms for virtually any loading. The
computer programs, MULTPL and MUPDI, developed in this investigation reduce
this complex preoblem to a simple matter of preparing basic input data on
cards, which when used with the programs will yield the detailed output of
all internal forces, moments and displacements at selected points. These
solutions require a relatively small amount of computer time,

From the examples and parameter studies described, it is apparent that
this tool may be used in several ways. First, it may be used as a direct
method for the elastic analysis of a specific bridge under a given loading,
shrinkage condition, or temperature change. In this case it, and similar
programs, might eventually be used to replace present semi-empirical methods
used in analyzing complex bridge systems. Second, it may be used as an
aid in studying the effect of different parameters on certain internal
forces, moments, or load distribution properties. This use might provide a
means for developing improved simplified snalysis procedures similar to
those presently being used for design.

Present design procedures for bridges have evolved over a long period of
time and are partially the results of analytical studies, experimental studies,
engineering judgement and perhaps most important of all, experience. In

studying the criteria for live load distribution to girders in various types
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of bridges in present specifications it is difficult from an analytical basis
to justify the formulae and factors being used. No attempt has been made to
make a critical evaluation of these criteris in this report, however, it is
evident that the present method of basing load distribution in bridges only
on the girder spacing and type of bridge is a relatively crude approach to

the problem, Certainly for box girder bridges, load distribution is influenced
by the number and the dimensions of cells, depth-span ratio, width-span ratio,
number of diaphragms as well as other factors., Also it is apparent that a
box girder bridge is inherently stiffer in a transverse direction than are
slab on beam bridges which lack the same transverse continuity in the bottom
flange. With the aid of new and more complete analyses using a digital
computer, it is possible to obtain a more accurate determination of the load
distribution properties of various bridges.

In all live load analyses, the starting point must be the number, types
and positions of the vehicles which should be placed on the bridge as design
loads. While this subject has received some attention in the past, it would
appear that a thorough review of it should be made using modern statistical
techniques to arrive at realistic and consistent design loads for all types
of bridges.

The present study on box girder bridges was restricted to simply supported
structures with or without interior diaphragms. Additional studies are now
being conducted on continuous box girder bridges. Studies involving skew
bridges, curved bridges, and bridges with plates having orthotropic properties

are also being considered for the future.
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APPENDIX A

Description of IBM 7094 Computer Program for
Analysis of Simply Supported Cellular Folded
Plate Structures (MULTPL).



UNIVERSITY OF CALIFORNIA Department of Civil Engineering
October 1965 Faculty Investigator: A, C. Scordelis

IBM 7094 Computer Program for Analysis of Simply

Supported Cellular Folded Plate Structures

IDENTIFICATION

MULTPL - Analysis of Cellular Folded Plate Structures by the Elasticity Method
Programmed by: Kam~Shing Lo
University of California, October 1965

PURPOSE

The program provides a rapid solution for cellular or open folded plate
structures having simple spans. Uniform or partial surface loads as well as
line loads and concentrated loads may be applied anywhere on the structure
and the resulting joint displacements together with the internal forces,
moments and displacements in each plate element at selected points may be
found,

RESTRICTIONS

Restrictions as to the maximum number of plates, joints, loads, etc. are
given under input data.

DESCRIPTION

The computer solution uses a direct stiffness method for the analysis.
The Goldberg-Leve equations are used to evaluate plate fixed edge forces,
stiffnesses, and final internal forces, moments and displacements. A har-
monic analysis with up to 100 non-zero terms of the appropriate Fourier
Series is used for the loads. The program is written in FORTRAN IV language.

FORM OF INPUT DATA

A, Input dats is key punched on data cards. Program deck should be followed
by data deck., The normal FORTRAN MONITOR SYSTEM control cards should be
used in running the program.

B. A fixed point number (I conversion) is an integer or a series of integers
without a decimal point; for example 3, 4, 23, etc., They must be written
to the extreme right of the field allotted to them,

C. A floating point number (¥ conversion) is a number containing a decimal
point.
12357.845 0.0003486 . 123 3000000.

These maey be written anywhere within the field allotted to them.
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D. The program deck should be followed by the data cards indicated below with
the information described,

1. FIRST CARD
Col. 2 to 72 -~ title of the problem to be printed with output
2. SECOND CARD ~ control card (F10.0,614)

Col. 1 to 10 - span length = SPAN
Col. 11 to 14 - number of types of plate = NPL, maximum 15
Col. 15 to 18 ~ number of elements = NEL, maximum 150
Col. 19 to 22 - number of joints = NJT, maximum 100
Col. 23 to 26 - number of points along x-~axis at which results are
desired = NXP, maximum 10
Col. 27 to 30 - maximum Fourier series limit = MHARM, maximum 100 for
NCHECK = 0; maximum 200 for NCHECK = +1 or -1
Col. 31 to 34 - check on odd or even harmonics = NCHECK
+1 to work on odd series only (sym.)
0 to include all series
-1 to work on even sevries only (anti-sym.)

3. THIRD CARD ~ x-coordinates at which results are desired (10F7.3) = XP
4, NEXT CARDS ~ one card for each type of plate (I10,5F10.0)

Col. 1 to 10 - type number = I

Col. 11 to 20 -~ horizontal projection of plate = H(I)
Col. 21 to 30 - vertical projection of plate = V(I)
Col. 31 to 40 - plate thickness = TH(I)

Col., 41 to 50 - modulus of elasticity = E(I)

Col. 51 to 60 - Poisson's ratio = FNU(I)

{

one card for each element (514,3F10.0)
Uniform loads given below exist over entire plate.

5. NEXT CARDS

Col, 1 to 4 - element number = I
Col. 5 to 8 - joint I = NPI(I) ) .

. . 1 mum 2 ilut =
Col. 9 tol2 - joint J = NPJ(I) maximum absolute difference 4

N Col, 13 to 16 - type of plate used = KPL(I)

Col. 17 to 20~ number of transverse sections for internal forces and
displacements output = NSEC(I), maximum 16, if NSEC = O
no internsal forces or displacements will be output

Col. 21 to 30- dead load (P/PL-area; force per unit surface area) = DL(I)

Col. 31 to 40- uniform horizontal load (P/V-area; force per unit vertical
projected area) = HL{I)

Col. 41 to 50~ uniform vertical load (P/H-area; force per unit horizontal
projected area) = VL(I)
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6. NEXT CARD

Col.

i

to

7. NEXT CARDS

Col.
Col.,

Col.

Col.

Col.

8. NEXT

Col,

Col.

Col.

Col.
Col.

Col.

Col,

Col.

4 -~ number of partial surface lcoads (I4) = NSURL, maximum 50

-~ one card for each partial surface load (I10,4¥10.0). No
cards required if NSURL = O.
Loads given below are uniform over plate width and have a
length equal to that given under SURDEL.

1 to 10 ~ element number = LEL
11 to 20 - horizontal load, P/V-area (P/V-length if transverse line
load is applied) = SURHL
21 to 30 - vertical load, P/H-area {(P/H-length if transverse line
load is applied) = SURVL
31 to 40 - location from left support to center of distributed
length = SURXI
41 to 50 -~ distributed length in x-direction (=0 for line load)
= SURDEL
If SURDEL # 0, input SURHL and SURVL as force/unit
ares
If SURDEL = O, input SURHL and SURVL as force/unit
width
CARDS -~ one card for each joint {(110,4F10.0,412). All joints re-
guire a card.
1 to 10 -~ joint number = 1
11 to 20 - applied horizontal joint force or displacement = AJFOR
(1,1
21 to 30 -~ applied vertical joint force or displacement = AJFOR
(2,1)
31 to 40 -~ applied joint moment or rotation = AJFOR (3,1)
41 to 50 ~ applied longitudinal joint force or displacement =
AJFOR (4,1)
52 - index for horizontal force or displacement, (can be 0,1,2 or 3)
= LCASE (1,1)
54 - index for vertical force or displacement, (can be 0,1,2, or 3)
LCASE (2,1}
56 - index for moment or rotation, {(can be 0,1,2, or 3) = LCASE (3,1)

0
1

2

for given zero force

for uniformly distributed force (input uniform force/unit
length for AJFOR)

for concentrated force at midspsn (input total force for
AJFOR)

for given zero displacement
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58 - index for longitudinal force or displacement, (can be 0,2, or 3)

Col,

9, NEXT CARD
Col. 1 to

10. NEXT CARDS
Col. 1 to
Col. 11 to
Col., 21 to
Col. 31 to
Col. 41 to
Col. 51 to
Col. 61 to

=LCASE (4,1)

0 for given zero force

2 for prestress P at each end (input total force at one end for
AJFOR, + away from midspan)

3 for given zero displacement

4 - number of concentrated joint loads (I4) = NCONL, maximum 50

~ one card for each conc. joint load (I10,8F10.0). No cards

10
20
30
40
50

60
70

required

if NCONL = 0.

More than one location along a joint may be loaded, but each

location

- joint
- total
- total
~ total
- total

requires a separate card.

number = LJT

horizontal force = CONHL

vertical force = CONVL

moment = CONM

longitudinal force P (NOTE - it must be balanced

by one ~-P somewhere along the same joint) =CONS
- location from left support to center of load = CONXI
- distributed length in x~direction (=0 for concentrated

load)

= CONDEL

11. All of the above data cards are repeated for next problem to be solved.

12. Two blank cards are added at the end of the data deck.

REMARK.

1. Number all elements of the same plate type in consecutive groups if pos-
sible,

This will save some computer time when calculating internal forces.

2. Select joint numbering so as to minimize maximum absolute difference
between joint numbers for any plate element. See sketches on page 6.

OUTPUT DESCRIPTION

The output consists of two parts:

a)

b) Results

Input check printout



MULTPL, IBM 7094 Computer Program, page 5

a)

b)

Input check printout

The complete input is properly labelled and printed, and may be used to
check up on possible errors in punching, field specifications, and order
of the cards.

Results
The final results consist of the following quantities:
Resulting displacements at joints.

Horizontal, vertical, rotational, and longitudinal displacements are
given successively for each joint at x-coordinates specified in input.

Internal element forces and displacements,
For each element the following quantities are printed:

1) Longitudinal moment per unit length; MX

2) Transverse moment per unit length; My

3) Torsional moment per unit length; Mxy

4) Normal shear on transverse section per unit length; QX
5) Normal shear on longitudinal section per unit length; Qy
6) Longitudinal membrane force per unit length; NX

7) Transverse membrane force per unit length; Ny

8) Membrane shear per unit length; NX

9) Longitudinal displacement: u

10} Transverse displacement; v

11) Normal displacement:; w
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Sign Convention for Internal Forces of Plate Element

L
L ol
N -
J ‘ J
5.8, 5.8
O o
]
i i
y

X M
X
M
M =Y
y
M
¥yx

Sign Convention for Surface Loads and Projections of Plate Element

+VL + VL
tboe do4 bt te t 1V d
+DL J i
+ DL
+HL ﬁg . + £§£;%;l;l;i;3 Eg +HIL,
1= :
I _ - i
+HL Eé + - Eg +HIL,
+DL +DL
i J
Lt 494y REEENEN
+VL +VL

Sign Convention for Joint Forces or bisplacements

(\ H
M AN
T8 positive when towards the origin

\4 of the plate systenm.

Alternate Methods of Numbering Joints

L v SO L 2[4 6
\f__f/ . w
1 3("1”14 5 1 3{”?“15 7

2 6 or 2 4 6’ 8

\\\“$~ additional joints
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Description of IBM 7094 Computer Program for
Analysis of Folded Plates Simply Supported at
the Ends with Interior Rigid Diaphragms or
Supports (MUPDI)



UNIVERSITY OF CALIFORNIA Department of Civil Engineering
February 1966 Faculty Investigator: A, C. Scordelis

IBM 7094 Computer Program for Analysis of Folded Plates Simply
Supported at the Ends with Interior Rigid Diaphragms or Supports

IDENTIFICATION:

MUPDI ~ Analysis of Folded Plate Structures with Interior Rigid Diaphragms
or Supports by the Elasticity Method

Programmed by: Kam-Shing Lo

University of California, February 1966

PURPOSE:

The program provides a rapid solution for cellular or open folded plate
structures simply supported at the two ends and having up to four interior
rigid diaphragms or supports between the two ends. Uniform or partial sur-
face loads as well as line loads and concentrated loads may be applied any-
where on the structure and the resulting joint displacements together with
the internal forces, moments and displacements in each plate element at
selected points may be found.

RESTRICTIONS :

Restrictions as to the maximum number of plates, joints, diaphragms,
loads etc. are given under input data and remarks.

DESCRIPTION:

The computer solution uses a direct stiffness method for the folded plate
system. Compatibility at the interior rigid diaphragms or supports is accom-
plished by a force (flexibility) method of analysis. The Goldberg-Leve equa-
tions are used to evaluate plate fixed edge forces, stiffnesses and final in-
ternal forces, moments, and displacements. A harmonic analysis with up to
100 non~zero terms of the appropriate Fourier Series is used for the loads.
The program is written in FORTRAN IV language.

FORM OF INPUT DATA:

1. FIRST CARD
Col. 1 to 72 -~ title of the problem
2. SECOND CARD - CONTROL CARD (F10.0,7i4)

Col, 1 to 10 - span length = SPAN
Col. 11 to 14 - number of types of plate = NPL, maximum 15
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Col. 15 to 18 -~ number of elements = NEL, maximum 30

Col. 19 to 22 - number of joints = NJT, maximum 20

Col. 23 to 26 - number of diaphragms = NDIAPH, maximum 4

Col. 27 to 30 ~ number of x-coord. at which results are desired = NXP,
maximum 14

Col. 31 to 34 - maximum Fourier series limit = MHARM, maximum 100 for
NCHECK = 0O; maximum 200 for NCHECK = +1 or -1

Col. 35 to 38 =~ check on odd or even harmonics = NCHECK
+1 to work on odd series only (sym.)

0 to include all series
=1 to work on even series conly (anti-sym.)
3. THIRD CARD
x=-coordinates at which results are desired (14F7.3) = XP use second card

if needed

4, NEXT CARDS - One card for each diaphragm (I10,2F10.0). No cards required

Col.
Col.
Col.

5. NEXT

Col.
Col,
Col,
Col.
Col.
Col.

Col.
Col.
Col.
Col.
Col.

1
11
21

CARDS

1
11
21
31
41
51

13
17

to
to
to

6.  NEXT CARDS

to
to
to
to
to

10
20
30

if

NDIAPH = O,

~ diaphragm number = I
x-coordinate at which diaphragm exists = DIAPHX(I)
diaphragm thickness (width of restraint forces) =
DIADBL(I)

-~ One card for each type of plate (I110,5F10.0)

type n
horizo
vertic
plate

modulu

umber = I

ntal projection of plate = H{I)
al projection of plate = V(I)
thickness = TH(I)

5 of elasticity = E(I)

Poisson's ratio = FNU(I)

- One card for each element (514,3F10.0,312)

I

12
16
20

elemen
joint
Joint
type o
number
displa
intern

Uniform loads given below exist over entire plate

t number = I

oy N ) (
ﬁ _ Niﬁ{;; maximum absolute difference = 4
f plate used = KPL(I)

of transverse sections, for internal forces and
cemen ts output = NSEC(I), maximum 12, if NSEC = 0 no
al forces or displacements will be output.
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Col. 21 to 30 - dead load (P/PL-area; force per unit surface area) =
DL(I)
Col. 31 to 40 - uniform horizontal load (P/V-area; force per unit vertical
projected area) = HL(I)
Col. 41 to 50 - uniform vertical load (P/H-area; force per unit horizontal
projected area) = VL(T}
Restraint Conditions (from diaphragums)
Col. 52 ~ index for in plane shear restraint = ISHEAR(I) .
Col. 54 - index for normal load restraints = IWLOAD(I)
zero punch to consider restraint from diaphragms
non-zero punch to neglect restraint from diaphragms

7. NEXT CARD - Col. 1 to 4 - number of partial surface loads {(I4) = NSURL,
maximum 30

One card for each partial surface load (I10,4F10.0)

no cards required if NSURL = 0. Loads given below are

uniform over plate width and have a length equal to that

given under SURDEL.

Col. 1 to 10 -~ element number = LEL

Col. 11 to 20 - horiz. load, P/V-area (P/V-length if line load is applied)
= SURHL

Col. 21 to 30 - vertical load, P/H-area (P/H~length if line load is
applied) = SURVL

Col. 31 to 40 - location from left support to center of distributed
length = SURXI

Col. 41 to B0 -~ distributed length in x-direction (=0 for line load)

= SURDEL

If SURDEL # O, input SURHL and SURVL as force/unit ares

If SURDEL = O, input SURHL and SURVL as force/unit width

t

8. NEXT CARDS

9. NEXT CARDS - One card for each joint (I110,4F10.0,4i2,2X,312). All joints
require a card.
Col. 1 to 10 - joint number = I
Col. 11 to 20 -~ applied horizontal joint force or displacement =
AJFOR (1,1)
Col. 21 to 30 ~ applied vertical joint force or displacement = AJFOR (2,I)
Col. 31 to 40 - applied joint moment or rotation = AJFOR (3,1)
Col. 41 to 50 ~ applied longitudinal joint force or displacement =

AJFOR (4,1)
Col. 52 - index for horizontal force or displacement, (can be 0,1,2, or 3}
= LCASE (1,1)
Col. 54 - index for vertical force or displacement, (can be 0,1,2, or 3)

= LCASE (2,1)
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11,

12.

13.

10,

Col. 56 - index for moment or rotation, (can be 0,1,2, or 3) = LCASE (3,1)
0 for given zero force
1 for uniformly distributed force (input uniform force/unit
length for AJFOR)
2 for concentrated force at midspan (input total force for AJFOR)
for given zero displacement
Col. 58 - index for longitudinal force or displacement, {can be 0,2, or 3)
LCASE (4,1)
for given zero force
for prestress P at each end (input total force at one end for
AJFOR, + away from midspan)
3 for given zero displacement
Joint Restraint Conditions (from diaphragms)
Col. 62 - index for horizontal restraint = JFOR (1,I)
Col. 64 -~ index for vertical restraint = JFOR (2,1)
Col. 66 ~ index for rotational restraint = JFOR (3,1)
zero punch to consider restraint from diaphragms
non-zero punch to neglect restraint from diaphragms

w

N o

NEXT CARD -~ Col. 1 to 4 - number of concentrated joint 1loads (I4) =
NCONL, maximum 50

NEXT CARDS - One card for each concentrated joint load (I10,6F10.0)
No cards required if NCONL = 0., More than one location
along a Jjoint may be loaded, but each location requires
a separate card.

Col. 1 to 10 - joint number = LJT

Col. 11 to 20 - total horizontal force = CONHL

Col. 21 to 30 -~ total vertical force = CONVL

Col. 31 to 40 - total moment = CONM

Col. 41 to 50 ~ total longitudinal force P (Note-it must be balanced
by one =P somewhere along the same joint) = CONS

Col. 51 to 60 ~ location from left support to center of load = CONXI

Col. 61 to 70 - distributed length in x-direction (=0 for concentrated
load) = CONDEL

NOTE - The next 3 cards are not needed if number of diaphragms = O,
NEXT CARD - Diaphragms which are over rigid external support (414) =
NDIA
Input numbers in ascending order as needed in Col. 1 to 4;
5 to 8; 9 to 12; 13 to 16,
Use a blank card if no such diaphragms
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14, NEXT 2 CARDS - To indicate how the diaphragms arve initially connected
to the plate system (I14,3(3X,11) )

Col. 1 to 4 - joint number at which the diaphragms are initially
connected = JNUM(I)

Col. 8 - index for horizontal connecticn = IC (1,1}

Col. 12 - index for vertical connection = IC (2,1)

Col. 16 - index for rotational connection = IC {(3,1)

0 if it is not connected
1 if i1t is connected

NOTE - if only one joint is connected, use 1 in all three indices on
one card, put data on 1st card and leave 2nd card blank.

if two joints are connected, use any combinations of three 1

indices in the horizontal and vertical connection indices,
but the rotational connection index must be zerc for both
joints.

15. All above data cards are repeated for next problem to be solved,

16. Two blank cards are added at the end of the data deck,

REMARKS :
1. Number all elements of the same plate type in consecutive groups
if possible. This will save some computer time when calculating

internal forces,

2. Select joint numbering so as to minimize maximum absolute difference
between joint numbers for any plate element,

3. By using a zero punch for ISHEAR and/or IWLOAD in 2 plate element card,
compatibility between the plate and the diaphrasgm is maintained at the
one third points between the two longitudinsl edges of plate. Interaction
shear or normal forces between the plate and the diaphragm are assumed
to vary linearly over the plate width and uniformly over the diaphragm
thickness. A line interaction is assumed if DIADEL = 0.

4, The maximum total number of connections between the folded plate system
and all of the diaphragms must be equal to or less than 120, Therefore,
assuming there are a total of N zero indices for ISHEAR and IWLOAD and a2
total of M zero indices for JFOR, horizontal, vertical or rotational joint
restraints, then (2N + M) x NDIAPH < 120,
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OUTPUT DESCRIPTION

The output consists of two parts:

a)

a)
b)

Input check printout
Results

Input check printout

The complete input is properly labelled and printed, and may be used to
check up on possible errors in punching, field specifications, and order
of the cards,

Results

The final results consist of the following quantities:

1.

If NDIAPH is not zero the interaction (wrestraint) joint and plate
forces between each diaphragm and the folded plate system are printed.

The positive directions of sHear and normal plate forces are the same
as the positive y and z axis of the plate element.

Resulting displacements at joints.
Horizontal, vertical, rotational, and longitudinal displacements are
given successively for each joint.

Internal element forces and displacements,
For each element the following quantities are printed:

1) Longitudinal moment per unit length; Mx

2) Transverse moment per unit length; M

3) Torsional moment per unit length; Mxy

4) Normal shear on transverse section per unit length; Qx
5) ©Normal shear on longitudinal section per unit length; Qy
6) Longitudinal membrane force per unit length; NX

7) Transverse membrane force per unit length; Ny

8) Membrane shear per unit length; NX

9) Longitudinal displacement; u

10} Transverse displacement; v

11) Normzl displacement; w

Each of these quantities is printed for each transverse section
specified across the plate width and at the x-coordinates specified
along the plate length.



SIGN CONVENTIONS

The sign conventions for internal forces of plate elements, surface
loads, plate dimensions, and joint forces or displacements are the same as

those shown for MULTPL on page A6,





