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3.8 Secondary Structural Response. In 'hzwe;l:“:f
secol structural response, the principal objective
is to determine the distribution of both in-plane and
normal loading, deflection and stress over the length
and width dimensions of a panel of stiffened plating.
We recall that the primary response involves the de-
termination of only the in-plane load, deflection, and
stress as they vary over the length of the ship. The
secondary response, therefore, is seen to be a two-
dimensional problem while the primary response is
essentially one-dimensional in character.

A panel of structure, as used in the present context,
usually consists of a flat or slightly curved section of
plating with its attached stiffeners. There may be two
sets of stiffeners arranged perpendicular to each other.
Usually the stiffeners comprising the set of parallel
members in one direction will be of equal size and
spacing, and the stiffeners in the other direction will
also be of equal size and spacing but different from

than the remaining parallel
of the center keel girder. In some cases, there may be
stiffeners in one direction only. There may be a single

panel of plating with stiffeners attached to one side, ¢

as in decks, side shell and bulkheads; or there may be
two parallel panels with the stiffeners between them,
as in double bottom construction. The plating may be
absent, in which case the module is a grid or grillage
of belnm members only, rather than a stiffened plate
panel.

In most cases the boundaries of a panel are attached
to other panels, either in the same plane or perpen-

dicular to the original panel. As an example, we may
consider a section of the double bottom structure of
a typical dry ship. The forward and after bound-

aries of this double bottom panel are formed by trans-
verse bulkheads, which are perpendicular to the

255

bottom panel, and by the continuing bottom structure
beyond the bulkheads, which is in the same as
the present panel and of similar construction. out-

distributed weights or ures of liquids
Wmmmmnmmmo{dmﬁb-
and concentrated weig of cargo, machinery,
principle, the solution for the deflection and stress
in the panel of structure may be thought
of as a solution for the response of a system of or-
Wmhum“mhmm?uwme
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ing stiffness arises from the direct longitudinal stress
in the plate adjacent to the stiffener, modified by the
transverse stress effects, and also from the shear
stress in the plane of the plate. The maximum sec-
ondary stress may be found in the plate itself, but
more frequently it is found in the free flanges of the
stiffeners, since these flanges are at a greater distance
than the plate member from the neutral axis of the
combined plate-stiffener.

At least four different procedures have been em-
ployed for obtaining the structural behavior of stiff-
ened plate panels under normal loading, each
embodying certain simplifying assumptions:

Orthotropic plate theory.
Beam-on-elastic-foundation theory.

Grillage theory.
The finite element method.

Orthotropic plate theory refers to the theory of bend-
ing of plates having different flexural rigidities in the
two orthogonal directions. In applying this theory to
panels having discrete stiffeners we idealize the struc-
ture by assuming that the structural properties of the
stiffeners may be approximated by their a val-
ues, which are assumed to be distributed uniformly
over the width or length of the plate. The deflections
and stresses in the resulting continuum are then ob-
tained from a solution of the orthotropic plate deflec-
tion equation,

.
.
.
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where

@y, @y, G, express the average flexural rigidity of
the orthotropic plate in the two direc-

tions.
w(zy) isg.:e de_ﬂecﬁon of the plate in the normal

lirection.
p(z,y) is the distributed normal pressure load per
unit area.

Note that the behavior of the isotropic plate, i.e., one
having uniform flexural properties in all directions, is
a special case of the orthotropic plate problem.

It is not appropriate to go into the detailed derivation
of this equation nor its solution, both of which have
been presented in detail by Schade (1938, 1940, 1941).
The results of Schade’s solution have been presented
in a series of easily used charts, and their use will be
discussed later. The orthotropic plate method is best
suited to a panel in which the stiffeners are uniform
in size and spacing and closely spaced. The Schade
design charts have been developed in such a way that
a centerline stiffener that is heavier than the other
stiffeners may be included.

The beam on elastic foundation solution is suitable
for a panel in which the stiffeners are uniform and
closely spaced in one direction and more sparse in the
other. One of the latter members may be thought of
as an individual beam having an elastic support at its
point of intersection with each of the closely-spaced
orthogonal beams. An average elastic modulus or
spring constant per unit length may be determined by
dividing the force per unit deflection of one of these
closely spaced members by the spacing. Using this
average spring constant per unit length, the effect of
the closely spaced members is then represented as an
elastic support that is distributed evenly along the
length of the widely spaced members. Each of these
members is then treated individually as a beam on an
elastic foundation, for which the differential equation
of deflection is,

d'w
EI Fd + kw = g(x) 89)
where
w is deflection,
1 is sectional moment of inertia of the longitu-
dinal stiffener, including adjacent plating.
k is average spring constant per unit length of
the transverse stiffeners,

() is load per unit length on the longitudinal mem-

ber.

Michelsen and Nielsen (1965) have developed a
solution method for this equation, based upon use of
the Laplace Tramsform, which is particularly well
adapted to machine computation. Various realistic
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TYPE 1 STIFFENER
Fig. 42 Sfiffened plate nomenclanue

boundary conditions may be taken into account, and
the solution can also consider several intersecting
panels of structure. This procedure has been incor-
porated into a computer-based scheme for the optimum
structural design of the midship section as described
by St. Denis (1970).

In the grillage method of Clarkson et al (1959), each
stiffener in the two orthogonal sets of members is
represented as a simple beam. The external loading
may be applied as a set of equivalent point forces at
the intersections of the two beam systems. At these
points of intersection conditions of equilibrium of the
unknown reaction forces between the two beams, to-
gether with conditions of equal deflection, are required
to be satisfied. The result is a system of algebraic
equations to be solved for the deflections. From the
solutions the forces in each set of beams and the
resulting stresses may be obtained.

‘The versatile finite element technique may model
the structure in a number of different ways. For ex-
ample, each segment of stiffener between intersection
points may be represented by a short beam, and the
plating may be represented as a membrane capable of
supporting in-plane stress as in the grillage technique.
Conditions of equality of deflections and equilibrium
of internal and external forces are then required to be
satisfied at the points of intersection leading to the
formulation of a system of simultaneous algebraic
equations relating external loads to deflections.
Machine computation is necessary in order to formu-
late and solve the large number of equations that are
necessary in a practical situation. This procedure is
the most general of the four, being virtually unre-
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stricted in the degree to which complex structural
geometry, variable member sizes, boundary conditions
and load distributions can be

representation.

For hand computations of secondary stress, the
Schade design charts based upon the orthotropic plate
solution provide the most practical method of those
described above. However, Clarkson (1959) has pre-
sented a limited number of design charts based upon
mdimwgrﬂhgewlnﬁonwhichmmemlinmy

cases.

Two of the charts from Schade (1941) are reproduced
here as Figs. 44 and 45, after the following expianation
of terminology and preliminary discussion. Referring
to Fig. 42,

= uniform unit pressure loading.
a(b) = length (width) of rectangular panel,
:,}:.) = spacing of long (short) stiffeners,

I.(I,)) = moment of inertia, including effective
breadth of plating, of long (short) re-
peating stiffener (as distinguished from
central stiffener, which may be differ-
ent),

1L,.(I,;) = moment of inertia of effective breadth of
plating working with long (short) re-
peating stiffeners,

I,(1,) = moment of inertia of central long (short)
stiffener, including effective breadth of

plating,
A,(4,) = web area of central long (short) stiffener,
7,(r,) = distance from its neutral axis to extreme
fiber of central long (short) stiffener.

The effective breadth of plating to be used in com-
puting the I's can be estimated by use of the effective
breadth charts given in Fig. 38 In most cases, the
effective breadth is 100 percent of the stiffener spacing,
in which case the moment of inertia should be com-
puted by using a modified thickness obtained by mul-
:iyginzv?;elm;lpmethhmbydnw

Four types of stiffening are shown, together with
the definitions of certain additional parameters, in Fig.
43. The four types are as follows:

Type A Cross-stiffening. Two sets of intersecting
stiffeners; the middle stiffener of either or
both sets may be stiffer than the other
stiffeners of the set.

One set of repeating stiffeners and a single
central stiffener in the other direction. The

Type B
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Type A—Cross-stiffening

Type B—Modified cross- “ [Fin b
stiffening g o5 = 4

=0
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Type C—Single stiffening

Type D—Unstiffened plate

Fig. 43 Types of stiffening, with applicable formulos for parameters (Schode,
1941)

middle stiffener of the repeati

be stiffer than the others as
Type C One set of repeating stiffeners only.
Type D Plating without stiffeners (isotropic plate).

For the first three types, there may be stiffeners
without plating, there may be one panel of plating with
stiffeners on one side, or there may be two courses of
plating with stiffeners in between. The full range of
possibilities for a panel stiffened in two
directions is thereforé covered. Type D, the case of
plate alone without stiffeners may be used in comput-
ing the tertiary stress.

Thmmmymibhmmbhﬁon-n{:&,ﬂﬂty
and boundary support for the panels used in struc-
tures. The solution has been found, and results are
given for the following four combinations of built-in
and simple support. These may usually be used as
limiting cases of the actual, but usually indeterminate,
boundary conditions that are found in actual ship strue-
tures.

Case 1 All four edges simply supported, i.e., rigidly
supported against normal deflection but

(Continued on page 260)
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Fig. 45 Support bending stress in plating panel (Schade, 1941)
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without edge moment restraint.

Case 2 Both short edges fixed, i.e., with both nor-
mal and rotational restraint, both long
edges simply supported.

Case 3 Both long edges fixed, both short edges
simply supported.

Case 4 All four edges fixed. (Only partial results
are given for this case.)

In using the charts, several special parameters are
required which are defined as follows:

Unit stiffnesses, .
o Ay e
L=+ 2( : (90)
o Lo Tl
a=gte ( - ) 1)
Torsion coefficient,
Lyel
Tl e
Virtual aspect ratio,
=M
=5 Vi . =

Expressions for these parameters are given for each
stiffener configuration in Fig. 43.

The charts from Schade (1941) contain the deflection
at the center of the panel and the stress in the plating
at the panel boundary. Charts containing other results,
for example the stress.at the panel mid-point, may be
found in the original reference. In general, the charts
give a nondimensional ter, k, which may be
substituted into a formula, given on the chart, for the
corresponding stress or deflection.
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Symbol ©indicates location of strass

For unstiffened plates (Type"0"), the
plate formula: - .IK%S.»'\-A
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Fig. 44 Plate deflection ot center of panel (Schade, 1941)
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