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ABSTRA CT

The existing methods of predicting the behavior and ultimate strength of ship
gross panels were evaluated , examined and In some instances , further developed .
The assumptions, approximations , and deficiencies in each method were Identified
with the objective of determining the range of validity of each. The methods were
classified in five broad categories with respect to their theoretical bases.
Comparisons and correlations were conducted between the results of the different
methods when applied to identical gross panels under biaxial edge compression and
lateral pressure. Based on the identification of the assumptions and approxima-
tions in each method, and on the conducted comparisons and correlations, some
expressions and procedures were selected, discussed , and extended. Lack of ade-
quate procedures in certain areas were pointed out particularly when the collapse loads
and mechanisms involve coupling between several modes of failure , and a biaxial
loading condition exists in combination with lateral pressure. In some instances
no clear measure of the relative reliability of the different procedures can be
ascertained and a f i rm evidence of the “exact” solution is not available. A two—
phase test program was reconinended with immediate objectives and final goals
outlined. An extensive bibliography is appended to this report.
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NOMENCLATURE

A = A
~ + AF + A~ = total area

AF = flange area

= plate area

As = effective shear area

AW web section area

a,b = plate dimensions

aj = coefficients

B = dimension of a gross panel in the y-dlrectlon

C = constant

0 = flexural rigidity of an isotropic plate

Dxy = effective torsional rigidity

Dx, Dy = flexural rigidity of a plate in the x- or y-direction,
respectively

Et = tangent modulus of a material

Ex, E~ modulus of elasticity in the x- or y-directions,
respectively

E,v = Young ’s modulus of elasticity and Poisson ’s ratio
for an isotropic material

F Airy stress function
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NOMENCLATURE (CONT ’D)

G = modulus of elasticity In shear

h = plate thickness

h~ = plate thickness without stiffeners

hx, h~ = equivalent thickness of the plate and stiffeners
(diffused) in the x- or y-directions, respectively

Ipx’ I~ , = moments of Inertia of the effective pl ating alone in
the x- or y-directions, respectively, about the neutral
axes of the entire section

1 c ~~ = moments of inertia of the stiffeners with effective
plating in the x- or y-directions , respectively

Jx, ‘~y’ ~xy 
= compliance coefficients

fKf] = flexure stiffness matrix

[Kg] = geometric stiffness matrix

k = parameter

L = dimension of a gross panel in the x-direction
LBP = length between perpendiculars

Mlc = plastic moment of longitudina l stiffener at center

Mie = plastic moment of longitudinal stiffener at ends

Mplastjc = plastic moment

Mtc = plastic moment of transverse stiffeners at center

Mte = plastic moment of transverse stiffeners at ends

-v-
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NOMENCLATURE (CONT ’D)

m ’ = number of transverse stiffeners in a gross panel

rn = moment of area

m ,n = number of half waves in which a plate buckles in the
x- or y-dl rectlon , respectively

— 2  A
Nx* = 

Nx L 
= non-dimensional inplane load in the x—direction

iT DX

~~ 
N~ = average inpiane edge loads per unit length In the x-

and y-directions, respectively

N B 2
= = non—dimensional inplane load in the y—direction

ir- Dy

n ’ = number of longitudinal stiffeners in a gross panel

= squash load ratio

= empirical constant

~ultlmate 
= ultimate load

{P} = nodal forces
p.s.i. = pounds per square inch

— B4= _____ = non-dimensional lateral load
it hDy

= uniform lateral load per unit area of plate

Rc = interaction forces between longitudinal and transverse
stiff eners

—vi —
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NOMENCLATURE (coPfr’D)

re = effective radius of gyration

S = plastic modulus

S — modified plastic modulus due to inpiane loads

SF, S~, Sp = contribution of the flange, web and plate, respectively,
to the plastic modulus

S,~, S~, = spacing of stiffeners extending in the y- or x-directions,
respectively

t~, = web thickness
t.s.i. = tons per square Inch

w = deflection surface of a plate

2c = effective width

= coordinate functions

Cx’ Cy’ i~ 
= middle plane strains

= torsion coefficient

V = Poisson ’s ratio of an isotropic material

~~ v~ = Poisson ’s ratio of an orthotropic plate in the x- or
y-directions, respectively

p = virtual aspect ratio

= coefficient

=
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NOMENCLATURE (CONT ’D)

= base stress

=
X hx B2

axcr = critical buckl ing load in the x-direction

ax, 
~~ 

= middle plane stresses

* - 112 j ~~Dy
- 

h~~L
2

ayp = yiel d stress of a material

aycr = critical buckl i ng load in the y-direction

= direct stress in the normal direction to a plate

{
~

} = nodal displacanent
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1. INTRODUCTION AND OBJECTIVE

Shipbuilding history throughout the world has been , and still is , largely de-
pendent on experience and empiricism . Requirements for the design of the structural
elements in ships have been developed on the basis of empirical data and past
“successful ” designs. In some cases these data have been refined and confirmed by
theoretical analysis , but in many cases no analytical procedures were availabl e
during the course of their development.

In the las t deca de , however , the demand for new and more efficient modes of
mar ine transpor tation and for other ocean engi neer i ng ac ti v iti es has forced nav al
arc hitects and c i v i l engi neers to searc h for genera l and rel iab le methods of
analysis which would provide the necessary correlation between the sea loads acting
on the structure and its dimen.~ ons. Re inltion has been given to the fact that
it is not sufficient to define a “successful” ship as one which has not failed
(since it could be grossly over-designed). and that requirements based purely on
experience might not always be safely extrapolated to new configurations and larger
ship types. In short, the need exists more than ever to provide structural eff i-
ciency combined wi th safety in withstanding the sea l oads.

The “basic structural element” or the “building block” in ships and many other
marine structures consists of a plate reinforced ~.ith stiffeners . This plate-
stiffener combination is usually subjected to lo .ds normal to its own plane due to
water pressure , cargo l oads , dec k l oads , etc . -~~, addition , inplane forces induced
from the overall bending and twisting of the ship act at the boundaries of such
stiffened gross panels. In genera l , the inplane forces can take the form of
tens i le , compressive , or shear load s, and some of them may occur simultaneously on
all four boundari es of the gross panel . The panel itself can be stiffened in one
or both ~1irections , and the stiffeners extending in each direction are usually
s imi la r .

Beyond cer tain values , the inpiane compressive and shear loads may cause
instability of the gross panel which , together wi th the normal loads , will i nduce
large deflections. Under such conditions , geometric non-l i nearities will be
present and therefore, non-linear analysis has to be conducted in any analytical
method used for the prediction of the behavior of the panel in the post-buckl i ng
range. Prior to failure of the panel , large deformations will also take pl ace due
to material non-linearities in the inelastic range ; therefore , analytical pro-
cedures suitabl e for the prediction of the ultimate strength of the gross panel
should take into account such material non-linearities . The gross panel may fail
in one of several modes depending on the stiffeners ’ spac ing , their geometric
properties , the plate thickness , initial deformations , and the welding characteris-
tics. Tripping of the stiffeners , local failure due to instability of the plate
elements of the stiffeners , plate failure between the stiffeners and failure of
the cross-stiffened panel as a who ie are some possible modes of failure .

In general , plate buckling does not necessarily mean immediate failure since
membrane s tresses wi l l develo p as deflec tion becomes lar ge and , together with
bendi ng stresses , will resist the external loads . Initial deformation and
defl ections due to weld ing , fabrication imperfections and presence of camber may
have a rather distinct effect on the pine’ behavior when the inplane loads are in
range of the i r cr iti cal values for buckl i ng . Thei r effec t, however , i s less
pronounced if these l oads are much larger than the critica l values.

- - —
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It Is di fficult to determine the boundary conditions of the gross panel which
describe exactly the conditions in the actual ship. Nevertheless , i n order to
predict analytically the behavior and the ultimate strength of the gross panel ,
specific Information about the restraints of the support is useful . A wide variety
of support conditions may exist in the actual ship. However, from possible
symmetry or antisyninetry of the structural configuration or the loading , certain
combinations of boundary conditions are more useful than others.

The objective of this study is to select , from existing methods, rel iable
analytical procedures for examining the behavior and predicting the ultimate
strength of welded cross-stiffened panel s under combined lateral and biaxial loads.
The procedures should cover the wide range of parameters describing the geometric
configurations and loading conditions encountered frequently in ship structures
and should be capable of predicting the onset of non-linear behavior and the
probable initial mode of failure. Recommendations are to be made as to the
adequacy of the procedures and possible experimental programs for verifications
are to be suggested.

— - -- V
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2. METHODS OF GROSS PANEL ANALYSES

An important first step in the selection of appropriate methodology for the
analysis of gross panel strength is to conduct a complete and up-to—date survey
of the existing methods. It seems appropriate then to classify the available
methods with respect to their theoretical basis , as for exampl e , methods based
on f in i te el ement techn ique , equiva lent orthotropic plates , grillages and inter-
secting beam-columns, etc. The basic assumptions and approximations made in each
of these methods are then clearly identified and examined. The range of validity
of such assumptions are also evaluated in order to estimate bounds on the relevant
design parameters beyond which such assumptions are invalid.

In the l iterature surve~’, two aspects were considered :

a. Methods related to evaluating and examining the gross panel
behavior under lateral and inpl ane loads including methods
of estimating the critical buckl ing loads.

b. Methods related to failure analysis and failure modes which
may be used for pred icting the ul timate strength of the
gross panel .

Based on the conducted survey, the methods exam ined can e c l ass i f ied und er
five broad categories which , in some cases , may overlap. The five categories
are: (a) orthotropic plate analysis , (b) energy and plastic methods of analyses,
Cc) grillages and intersecting beams, (d) finite element method , and (e) beam-column
analysis. Each of these is discussed separately as follows.

A. Orthotropic Plate Analysis

In this method the actual plate stiffener combination is idealized by an
equivalent orthotropic plate . The degree of approximation invol ved depends to a
great extent on the number of stiffeners in each direction and the uniformi ty of
the gross stiffened panel .

An orthotropic plate may be defined as a homogeneous pl ate whose el as tic
properties are different in the two orthogonal directions in the plane of the plate.
The consti tutive rela tions can be wr itten in the form of:

E~ E
~
v
~ 

0

= 1 - ‘ V  
EyVx E~ 0 Cy (1)

Txy 0 0 G (1 _vxvy) ~xy 
V

where

E
~
v
~ 

= E
~

v
~

V _

~ 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~_
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If the thickness of the rectangular orthotropjc plate Is small relative to its
V other dimensions (a,b/h>40) so that both the normal stress az and the effect of

shear deflection can be disregarded , then the governing differential equations
incl uding the non-linear terms in the sense of von Kârm~n (l)* for the large deflec-tion behavior of the plate are derived in refe rence [2] and are given by:

D ~~~~~~~ 2D,~, ~
4W

2 + ~~~~~ q(x ,y) + ~~~ .~~ 2 a2F a2w

_______ 
32w 2 

~
2w a2w+ ~~~~~~~~ + Jy~~4~ 

~axay~ 
- 

~~~~~~~ 

(2)

where w is the deflec tion funct ion; F is the A iry’s stress funct ion; D
~
, D~ and

are rigidity coefficients; and J,~, 4 and are compliance coefficients~given ~
‘

by:

E h 3 Ey3 3
X 

- 

l2(l-v,~v~,) ‘ 
- 

12
~~ ’~x”~y~ 

‘ xy - 12 Vxy Vy x

(3)

Equations similar to the above have been derived in reference t3] for the case
of orthotropic plates with small initial deflection. The two fourth-order partial-
differential equations (2) describe the behavior of the plate in the post-buckling
range as wel l as in the pre—buckli ng range. Equations (2) reduce to von Kdrm~n’sfundamental equations [1] for large deflection of i sotropi c plates when Ex = Ey = E, V

and v~ = Vy = v are subs ti tued in the express ions of the coefficients D~, ~~ ~~~
~~ 

J~,, and ~~~
The two partial differential equations (2) require a total of sixteen boundary

conditions, eight of these are specified conditions of either edge loads or edge
displacements , the other eight specify the support conditions .

Sometimes, the exact solutions for the bound~iry value problem are hard toobtain. Several approximate methods can be applied , such as Galerk in’s method
and the finite difference method. In the Galerkin method , one considers the
governing differential equation of the form:

L(w) = C in R (4)

*Numbers in brackets designate references at the end of the report.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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Assuming w can be expressed in the approximate form:

= �~ a,4’1(x ,y) I = 1.. .n (5)

then from the weighted residual concept, the following condition must be
satisfied:

JR (L( ~ ) - C) $1dR 0 i = l...n (6)

This leads to a total of n simultaneous equations to be solved for the n unknowns
a1.

The Galerkin method is In principle equivalent to the Ritz method which is
based on the calculus of variation . But indeed , in the Galerkin formulation
no reference is made to variational problems. Moreover, the Galerkin method can
be applied to a broad class of problems phrased in terms of i ntegral equations.

The Galerkin method as well as the method of variation for approximation of
boundary value problems consider analytical expressions for the approximation
functions . When the boundary values are not easily given by simpl e analytical
expression , it is d~fficult to make a choice of the coordinate functions Pi(x,y).
In this case, the finite difference method can be applied. The finite difference
method gives numerical values for unknown functions at a set of discrete points
instead of the analytical expression defi ned over the whole region . It reduces
the given ana lytical boundary-value problem to a problem of difference equations .
Usual ly this method leads to consideration of a system of large numbers of alge-
braic equations in many unknowns.

In reference [2], equations (2) are solved under two sets of support conditions :
(a) all edges clamped , and (b) two edges simply supported and other edges clamped.
The behavior of the orthotropic plate is examined and distributions of deflection ,
membrane stress, bending moments , etc., along the plate centerlines are presented
(no initial deflection ). In reference [3] non-dimensional design curves of the
center deflection , the critical load , the effective width , and the bending moment
are presented for different values of uniaxial compressive load , lateral load ,
initial deflection , and the virtual aspect ratio of the plate. Some examples of
the use of the design curves are gi ven in which the results are compared for
different initial deflections and boundary conditions. In both references [2] and
[3] geometric non-linearities are considered in the problem formulation and thus
the resu lts are suitable for investigating the plate behavior in the post—buckling
range.

Other design curves based on orthotropic plate analysis were introduced in
the original work of Schade [4,5]. In these references the defl ection was
assumed small compared to the plate thickness (wmax/h < 0.5) and the design charts
presented are suitable for examining the plate behavior in the pre-buckl ing range.
Schultz [6] examined the stability problem of orthotropic plates and presented
design charts for the calculation of the critical loads. In reference [7),
additional design charts are given for plates under lateral and uniaxial inplane

--V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~L~~~~~ ---~-- -.  - V V
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loads within the scope of the linearized (second order) theory. The buckling
loads are also given for four different sets of boundary condItions. Smith and
Faulkner E8], Roren and Hansen [9], Soper [10], Ames [11], Ando [12] among others
[13,14,15] used the orthotropi c plate theory for the analysis of ship stiffened
plates.

In particular , orthotropic plates subjected to lateral load and biaxial edge
compression and edge shear have been examined in references [13] and [l4IJ . In

— these references some non-dimensional design charts are presented giving the center
deflection , critical buckling load , effective width , and bending moment in the
stiffened plating. Some examples of appl ication illustrating the use of the
charts are also presented.

In the application of the orthotropic plate theory, the rigidity and compli-
ance coefficient~~are conceived as applying to a homogeneous orthotropic plate ofconstant thickness which is equivalent to the actual plate-stiffener combination.
The term equival ent requires careful definition , since the orthotropic plate
obviously cannot be equivalent to the actual stiffened plate in every respect.
The stiffeners in either direction are assumed to be equally stiff and equally
spaced, with spacing small enough that the structure may be considered q!llte fully
effective. So the validity of representing the gross panel by an equivalent
orthotropic plate depends to a great extent on the number of stiffeners in each
direction , their spacing , and how identical they are as far as their stiffness
characteristics are concerned. Such an approximation becomes critical when the
number of stiffeners is small.

From experiments conducted at Stanford University [16] the authors indicated
that, orthotropic plate theory and experiments have shown a different degree of
correlation depending on the boundary conditions and type of stiffeners used. The
correlation varies between good for the case of a plate simply supported all
around to less satisfactory for the case of a plate fixed all around. It is also
found that, under any specifi c case of boundary condition , the correlation with
theory is better when the number of sl.iffeners in each direction is increased.

Additional comparisons were made by C. Smith in reference [15]. The results
showed that for uniform simply supported grillages , the orthotropic plate solution
gives very accurate results even when gross panels have as few as three longitudinal
and three transverse beams. For other boundary conditions , the orthotropic plate
analysis gave less accurate results. See ref. [15] for details on the manner of loading.

On the basis of these comparisons [15,16], it appears that the application of
the orthotropic plate theory to ship gross panel s should be restricted to stiffened
plates with more than three stiffeners in each direction . In addition , stiffeners
in each direction should be similar , i.e., uniform gross panel .

B. Energy and Plastic Methods of Analyses

Exact solution of the governing differential equations of stiffened pl ates
often presents a difficult analytical probl em and can be solved in closed form only
in some special cases. The introduction of the concept of strain energy allowed
for considerable development of structural analysis methods. One formulation of
the strain energy is the standard type of variational principl e which constitutes
a very powerful approach to numerical methods such as the finite element method.

*See Section 3 and reference (14] for the definition and the approximate
determ i nation of the rigidity and compliance coefficients .

-— ~~~~~~~~~~ ~~~~~~~ ~—V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~
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Widely used methods such as principles of virtual forces and displacements , minimum
potential energy, limit analysis, and shake-down analysis may be also classified
under energy methods.

In the method of stationary potential energy, the stiffeners and the plate
are forced to deflect together and the final deflection shape Is such that the
total potential energy of the system Is minimal. The final deflection shape is
assumed to be in the fo rm of a series wi th finite numbers of terms for approxi-
mation :

w(x ,y) = a1f1(x ,y) + a2f2(x,y) + ... (7)

where the functions f1, f2 ... are the bases of the function w(x,y) and the
coefficients a~, a~, ... are the generalized coordinates. Using the minimum potential

V energy principle, a set of simultaneous equations are obtained wi th the coefficients
a1 as unknowns. When the determinant of this simultaneous equation is put equal
to ~~ro, an equation for determining the critical loading for instability problems
w~- 1l be obtained. For large deflection problems, these equations are non-linear in
the parameters ai and numerical methods may be used in the solution.

This type of analysis becomes cumbersome if the plate is stiffened with a large
V number of stiffeners. The defl ection function can be chosen only for some special

cases. For these reasons, this method seems not to be often chosen directly to
solve practical problems. But the concept of this method is very important in
appl ication to the numerical methods such as in the formulation of element stiff—
ness~s used in the finite element method.

As mentioned earlier , the energy methods can also provide a powerful tool in
the orthotropic plate solutions. For example , in reference [17] the energy method,
together with Lagrangian multipliers , is used to solve the stability problems of
orthotropic plates under various boundary conditions. The theoretical results
presented compared favorably wi th those from tests and literature.

in the limit analysis , the gross panel can be idealized as a framework of
beams which are made of material with an elastic-perfectly plastic moment-
curvature relation. Small strains are usually assumed and the applied loads are
assumed to be proportional , i.e., all loads are increased gradually to their
final values In constant ratio. On these bases; lower and upper bound theorems
of the plastic limit load or the “collapse” load were advanced by Drucker,
Greenberg, and Prager in references [18,19]. The upper bound theorem simply states
that the structure will collapse if there is any compatible pattern of plastic
deformation for which the rate at which the external forces do work exceeds the
rate of internal dissipation . This theorem, which gives the “unsafe” values of
the collapse load postulates that if a compatible path of failure exists , the
structure will collapse. The lower bound theorem states that, if an equilibrium V 

-

distribution of stress can be formed which balances the appl ied load and is every-
where below yield or at yiel d , the structure will not collapse or will be just at
the point of collapse. This theorem, whi ch gives the “safe” values or the
conservative limit of the collapse load , reaffirms that the material will adj ust
Itsel f to carry the applied load when possible. The limit load itself is the
mi nimum upper bound or the maximum lower bound. The exact limit load , however , V

can be rarely determined for complex gross panels and thus , the lower and upper
bound theorems provide a valuable means to bracket its value . - -

—- ~~~~~~~~~ ~~~~~- -  : . -
— -V  

-
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In the limit analysis, the loads acting on a structure are not permitted to
change their direction or ratio of their magnitudes . These conditions are not
satisfied in an actual ship structure where loads are in general cyclic and random
in nature. A suitable means for estimating the limit load under their repeated
loading condition is the use of shakedown analysis. A safe limi t to use may be
one at which the progressive or alternating plastic deformation is l imited and the
response of the material becomes essentially elastic, i.e., the shakedown load .
If the structure does not shakedown, plastic flow will continue to take place
during each cycle of load application leading eventua l ly to failure. The shake-

— down analysis , however, does not provide any information on the number of load
cycles required for the structure to reach a shakedown state.

Bleich , H. [20], Symonds and Prager [21], and Koiter [22] developed and
advanced a lower and upper bound theorem of the shakedown load. It was indicated
that, if shakedown is not reached failure can be either through “incremental
collapse” where a definite amount of plastic deformation recurs always in the
same direction or “alternating plasticity ” where plastic flow occurs ac certain
sections alternately in the opposite directions .

The appl ication of limit and shakedown analyses to ship gross panels and
structures has been rather l imited . In reference [23] elastic and plastic l imit
analyses of a web frame of a tanker are presented and the collapse mechanisms
and the corresponding collapse pressures are estimated . In reference [24] limit
and shakedown analyses are presented for some ship frames and grillages .
Additional application and correlation with experiments for stiffened plates and
grillages under lateral load only are given in [25] and [26).

C. Grillages and Intersecting Beams

In this category the gross stiffened panel is treated as a system of discrete
intersecting beams (plane frame) with loads perpendicular and in the plane of the
grillage. Each beam is assumed to consist of the stiffener plus a portion of the
plate over which the stress can be assumed uniform with a value equal to the
maximum value , i.e., the effective breadth. The torsional rigidity of the plate
and Poisson ’s ratio effects on the overall behavior of the gross panel are thus
ignored in this type 0f analysis. The model , however, allows for different
stiffener sizes and spacings within each set of parallel stiffeners. Al though in
ship gross panels the stiffener spacings are usually equal , the al l owance for
different stiffener sizes is undoubtedly desirable. The model also imposes no
restrictions on the number of stiffeners in each direction or any irregularities
in the boundaries.

The validity of representing the gross panel by a grillage (plane frame)
becomes particularly critical when the flexural rigidities of the stiffeners are
small in comparison with the plate stiffness. However, for ratios of the stiffener’s
rigidity per unit width to the plate stiffness larger than about 60, i.e.,
EI/bD>60, this grillage approximation seems to be suitable.

In the general method of grillage analysis , a set of governing differential
equations can be formulated for all the discrete stiffeners using beam theory. The
set can be solved under the appropriate consistent conditions at the Intersection
points and the boundary conditions. Usually, in ship grillages , it is assumed that

V ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
-~ -. ~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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the external lateral loads act on the transverse stiffeners and the longitudinal
stiffeners are acted upon by the forces (reactions) at the intersection points in
order to simplify the problem. A large system of simultaneous algebraic equations

• will result and, for all but the smallest grillages , thi s type of analys is
requires the use of digital computers if the general method of analysis Is used [15].

Several simpl ified methods have been introduced to reduce the amount of
• computation invol ved in the elastic analysis of grillages [27, 28, 29, 30]. In

references [27] and [28] certain matrix transformations were used to uncoupl e the
deflection equations thus considerably simplifying the computation. In reference
[29) the stability problem and critica l loads of rectangular grillages whose edges
are elastically restrained against rotation have been treated. A method for
treating some inelastic effects is also presented which is based on a plasticit
reduction factor incorporated only in the x-direction according to Faulkner [31 .

Plots of selected coefficients are given to allow the use of the method in manual
analysis. In reference [30] expl icit formulas and tables are presented for the edge
moments and interaction forces which allow for analyzing the beam elements of a
grillage under lateral load only using simple beam theory.

Faul kner in reference [31] used the discrete beam equations to determine the
buckling stresses for biaxially compressed grillages having opposite boundaries
equally elast ical ly constrained against rotation. He extended the solution to the
more general case where the opposite edges are unequally restrained through
certain approximations. The reference also includes a discussion of the inel astic
effects in flat yield material and a suggested treatment for strain hardening. In

V references [32) and [33] approximate formulations for the compressive strength
of welded grillages is presented with emphasis given to the effect of residual
welding stresses on strength. Both uniaxial and biaxial compression are considered.

Kondo [34) and Rutledge and Ostapenko [35] presented a grillage analysis in
which the transverse stiffeners were assumed to be infinitely rigid. The portion
between two adjacent transversesis then analyzed as longitudinally stiffened panels.
The ultimate strength was then computed for such panels under lateral and uniaxial
loads. In reference [36] Parsanejad and Ostapenko extended this type of analysis V

and the transverse stiffeners each with an assumed effective plate portion are
treated according to small deflection elastic-plastic beam theory. The longitudi-
nall y stiffened panel is treated as a series of beam-columns each consisting of a
plate of width equal to the spacing of the longitudinal stiffeners and the longi-
tudinal stiffener itself. Each longitudinal beam is then assumed to act as If it
were a part of longitud inally stiffened panel with an infinite number of Identical
stiffeners. The effect of residua l stresses is included assuming that their —

distribution does not vary along the length . Stresses produced by
bending of the pl ate between stiffeners are considered to have a negligible effect
on the inp lane plate behavior and the average stress in the plate (small b/h)
rema ins constant in the post-buckl ing range and equal to the buckl ing stress.
The plate components of the stiffeners are so proportioned that the ultimate
strength of the grillage is reached before local buckling takes place. The
ultimate capacity is determined by incrementing the loads using a computer program
to solve the resulting non-linea r simul taneous equations. Comparison of the method
with some availabl e test results Is presented In the report. The l imitations
Imposed by some of the many assumptions made In these analyses can be restricting
particularly in the post-buckling range. 

~~~~~~~~~~~~~~~~ z~~~~~~~~~~
_ _—
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D. Finite Element Method

Here the gross-panel behavior is simulated by approximating It wi th that of
a model composed of elements in which the displacement field Is restricted to
preselected displacement patterns or “shape functions”. The general deformation
of the model Is then specified by the magnitudes of the generalized coordinates
associated with the shape function. The general deformation can be determined by
the energy method or Galerkin method , and is then interpreted as an approximation
to the general deformation of the gross panel . The degree of approximation
involved in this type of analysis to represent the conditions in the gross panel
depends primarily on the set of shape functions selected and the compatibility
conditions imposed along the boundaries of the elements. It also depends on the
accuracy of the numerical computation.

Appl i cation of the principl e of minimum potential energy to the approximating
structure results in a reduction of the problem to one of solving a set of
simultaneous equations relating nodal forces and displ acements. The general
equilibrium equation for the approximating structure can be expressed in the form:

[KfJ {~} + X[K~] 1~} = {P} (8)

where {~} and {P} are the displacements and applied loads at the nodes. [1(f) is
the conventional flexure stiffness matrix , [1(q) is the geometric stiffness matrix
which is solely dependent on geometric parameters and introduces the parameters which
model the stability problem. Letting {P} = 0 and J [Kf ] + A[Kg]I = 0, one can
determine the eigenvalues A and the associated buckling modes {

~~~}. Usually a V

great number of degrees of freedom will be Involved in the eigenvalue problem,
therefore careful consideration must be given to the method of solution . If
geometric non-linearities are present (e.g., large deflections) higher order terms
of the derivatives of the displ acements are considered in formulating the stiffness
matrices . The incremental model can be used which is based upon the treatment of
the loading as a sequence of steps with linearization of the analysis within each
step. In the plastic range, either the incremental theory or the total strain
theory of plasticity can be applied to obtain the stiffness matrices . Generally,
the von Mises yiel d criterion is upheld and maintained. Also , iterative and step-
by-step procedures for solution of the complete system is re4uired .

In representing the gross panel by the finite element technique , two discretized
models can be generated. The gross panel can be either represented by (1) bending
and stretching plate elements together with beam elements modeling the stiffeners,
or (2) orthotropic plate elements which reflect the difference in gross panel
properties in the perpendicular directions. In general , the finite element method
is well established for predicting the behavior of the gross panel in the linear
elastic range and for the linear stability analysis for determining the buckling
loads and the corresponding mode shapes. It is , however , less developed for the
plastic-buckl ing analysis and the determination of the collapse loads and local
instability .

It is not the intention to give a complete survey of the development and
application of the finite element method In this report as the number of publications
in this area Is enormous. An excellent source for such development survey is
presented in reference [37]. However, a few papers which have direct relevance
to this work will be briefly discussed.

V—V—V __V_V -V V~
VV T V~V - -- .- - - ~~~ --  -V
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Probably the first paper in the naval architecture field in which the finite
element analysis is used in ship structure is due to Paulling [38]. SInce then,
the number of publications has been increasing very rapidly and classification
societies (e.g., ABS [39] ) use for such a technique has been also growing steadily. I .

Recently, the treatment of instability and non-linear problems (geometric and
material non-linearities) has drawn considerable interest [40, 41 , 42, 43]. In
reference [40] Kavlie and d ough developed a program for the analysis of stiffened
plates under combined inplane and lateral loads. A computer program listing is
given and a few examples of bending and buckl ing of stiffened plates are presented.
In reference [41] a finite elemert method for the plastic buckling of unstiffened - - I
plates is presented. Terazawa, et al., advanced a finite element method [42] for
the elastic-plastic buckling of plates with stiffeners. The material is assumed
to be elastic-perfectly plastic and the moment curvature relationship is obtained

V in the plastic region using the incremental theory and the total strain theory of
plasticity.* In reference [43) an efficient computational procedure for the finite
el ement elastic-pl astic analysis was developed . The model is based on separating V

the elastic parts of the structure and el iminating it from the non-linear solution
process, thus reducing the computation time. Additional recent advances in the
use of finite element methods for predicting the ultimate collapse behavior is
given in references [44) and [45] . V

E. Beam-Column Analysis - -

V In this method a single “beam” of the gross panel consisting of a single
stiffener and the effective breadth of plating is analyzed. The beam is considered
to be subjected to lateral line load and axial load. The torsional rigidity of
the gross panel , the Poisson ’s ratio effect and the effect of the intersecting
beams are all neglected in this type of analysis. The latter effect’ is , sometimes,
incorporated in the analysis by locating springs at the intersection points. This
method of analysis is popular among designers because it is relatively simple and
less time consuming . The degree of accuracy , however, becomes critical
particularly in the presence of biaxial loading conditions and when the plate
stiffness is relatively large compared to the stiffener ’s rigidity . V

A bibliography which emanated from the evaluation , classification , and
examination of methods of gross panel analyses is given in Appendix I. The V

bibl iography is classified , more or less, in a manner similar to the methods
discussed wi th additional “general” and “experiments” sections. Another bibli- , V

ography for the ultimate load of box structures and primary and secondary structures
has been compiled and evaluated by Stavovy [46] .

Upon the completion of the detailed evaluation and classification of the
method of gross panel analysis it was apparent that no single method or a general
theory exists that is always superior for all gross panels of different proportions
(plate and stiffeners), loading conditions , extent of deformation (large, snail),

V 

and which can predict exactly the lowest failure mode under a wide variety of load
combinations. This ininediately pointed towards the significance of the broadly
based method of evaluation and its importance in the final reconinendations. 

V

*The moment curvature relations in reference [42] were based on the relations
between stress increments and strain increments as furnished by the incremental
theory of plasticity , and also , on the stress-strain relations as given by the
total strain theory of plasticity for comparison .

~ 
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3. COMPARISONS AND CORRELATIONS

A. Comparisons Between the Different Methods of Gross Panel Analysi s

Several methods among those evaluated in Section 2 of this report were applied
to the same gross panel configuration and loading condition in order to assess their
results comparatively. A general loading which consists of biaxial compressive
inplane loads in the x- and y-directions and lateral pressure is considered to
act on the stiffened panel . Due to the limitation of the two finite element
programs used (STRUDL and SOLID SAP), only the behavior in the linea r range (pre—
buckling) was examined. The non-linear behavior of the panel can be predicted,
however, from the charts presented in [14]. Ado~tional comparisons using plastic
limit 3nalysis are given in sub-section B.

The methods used to predict the behavior of the panel under the described
loads are: 

V

(1) Orthotropic Plate Anelysis. Two types of analyses were
conducted.

(a) First Order Analysi s*

(b) Second Order Analysis**

(2) Finite Element Analysis using ICES—STRUDL II [47] program
(Integrated Civil Engineering System--Structural Design Language)

(3) Finite Element Analysis using “SOLID SAP” [48] program. Two
types of analyses were conducted .

(a) The gross panel discretized using beam elements
to simulate stiffeners and plate elements to
simulate the plate behavior.

(b) The gross panel discretized using orthotropic
plate elements.

(4) Grillage analysis of a system of discrete intersecting beams .

(5) Beam—column analysis using beam theory.

The gross panel considered is shown in Figure 1 wi th dimensions and number of
stiffeners indicated . The panel is simply supported at the two long edges and
fixed at the other edges . The stiffener’s dimensions and properties are shown in
Figures 2 and 3 for the long and short stiffeners respectively. The material is
assumed to be steel with E = 3OX1O6 p.s.i. and v = 0.3. The effective breadth
of plating, the neu tral axes , moments of inertia , section moduli , etc., were
computed for the stiffeners in each direction and used in determining the rigidity
coefficients for the orthotropic plate analyses and the grillage analysis.

For the orthotropic pla te an alyses , the design charts presented in reference
[‘14) were used. Several parameters had to be computed for approximating the

*The inplane and bending l oads are assumed to be decoupl ed.
**The effect of the inplane loads on deflection and bending stress is included .
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stiffened plate by an equivalent* orthotropic plate. All nomenclature used here
to represent the coefficients of the stiffened plate and the equivalent orthotropic
plate are the same as in [14) (see also the list of nomenclature). A sumary of
the computational results are given in the following . (See reference [141).

= 
E_ I~ = 30X106X7.970 = 2.l89Xl07 lb-in

S~(l-v 2) l2(l_O.32)

hx = ~4~4 0.37 in (10)

D = 
E ly 

= 
3OX1O6X2O .8l5 = 4.287x’107 lb-in (11)y S~(1-v

2) ‘16(l O.32)

h~ 16 
= 0.37 in (12)

The thickness of the equivalent orthotropic pl ate is:

hx + hy
h = 

2 
= 0.37 in (13)

2hxhh = h + 
‘

~~ 

= 0.37 in (14)
x y

The non-dimensional geometry parameters are:

= 

~~~ 

= 
96 __________ = 0.676 (15) 

V

/Ipx lpy 
= 

f6.515x16.367 — 080 16— V Ix ‘y V7.970X20.815 - 
(

~ñ h y ~f
’hx h~y = (l+v) 

h 
— v  — (17)

p h

— ~IO.37XO.37 /O.37X0.37 —
— 1.3 0 25 

- 0.3 o 37 
— 1.627 (18)

*Equivalence between the orthotropic and the stiffened plate can imply equal strain
energy or equal rigidity. See ref. 111-5 of the bibliography .

_ _  
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The non-dimensional load paramcters are :

= latera l l oad = 1

Nx* = inpiane compressive load in the x-direction = 0.2

= inpiane compressive load in the y-direction = 0.4

The corresponding dimensional loads are as follows :

4D h
Q* 1 T Y  

= 1.94 p.s.i. (19)

—Nx Nx* 
L2 = 4,689.4 pounds per inch (20)

Ny~ 
71

B2~
’ = 5,996.4 pounds per inch (21)

The charts in [14] were entered using the above computed parameters and the
bending stress, membrane stress , etc., were determined by interpolation and are
shown in Table 1.

ICES STRUOL It [47) was used next to determine the stresses in the gross panel
under the same loading condition . Only one quarter of the gross panel was
discretized with symmetry conditions appl ied at the appropriate locations . For
the lateral load analysis the gross panel was considered as superposition of a
plate in bending plus a plane grid made by the stiffener. Rectangular bending
el eMents were used of the type defined in STRUOL as BPR [47] “~ending elate

~ectang1e”. The stiffeners were modeled as beam elements of prismatic cross sections
under bending and torsion. Due to the presence of the inpiane loads the “stretching ”
degrees of freedom , i.e., plane stress and truss action were also i ncorporated .
Figure 4 shows the finite element mesh used , the synuietry conditions and the
boundary conditions . Table 1 shows the computed stresses.

!.dditional computation was made using the finite element program “SOLID SAP” .
Two kinds of discretized models were used . First , beam and plate el ements were
assembled to model the gross panel in a similar manner as used in the ICES STRUDL
program. Then orthotropic plate elements were used to model the gross panel . The
properties of the orthotropic plate el ements are the same as obtained for the use
with the design charts [14].

The gross panel was model ed next as a grillage or a system of discrete inter-
secting beams. Each beam consists of the stiffener plus the effective breadth of
plating as described earl ier. Additional results based on simple beam-column

— analysiswere obtained and both results are shown in Tabl e 1.

-
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The percentage difference in the total stress (membrane plus bending) of the
different methods of analysis taken wi th respect to ICES STRUDt. results Is shown
in the last column of Table 1. As expected,the simple beam results are the most
conservative with a difference of about 15% above STRUDL results . The first and
second order orthotropic plate analyses , using charts presented -in [14] gave close
results to the SOLID SAP finite element analysis , using orthotropic plate elements.
The difference between these results is of the order of 2%. The grilla ge analysis
gave close results to the finite element calculations (2% difference). The same
computer program was used for both calculations and the difference is only in the
manner of representing the gross panel . In general , the difference between the
results of the different methods of analyses is within the engineering limits of
accuracy .

The ranges over which the methods of gross panel analysis can be used are
categorized as fol lows :

V (1) Linear el astic behavior (first order theory ): In this range the limita-
tion includes small defl ection relative to the plate thicknes s and the requirement
that the stresses remain within the linear elastic range , i.e., Hooke s ’s Law
applies . In a d d i t i o n , the effect of shear deformation is neglected , i.e.,
K i rchhoff ’s assum pt ion is u pheld. The f i rs t  of these l imitat ions is satisf ied
when the ratio of the maximum deflection to the plate thickness “h” is less than
0.50. The last condition is satisfied when the plate thickness is small relative
to the other dimens ions “a” and “b” of the plate (a,b/h>40). Finally, the d irect
stress in the d irection per pend icular to the p lane of the plate is consi dered
negligible so that the probl em may be treated as a two-dimensional instead of a
three-dimensional probl em in elasticity . This assumption is again satisfied when
plate thickness is small relative to the other dimensions of the plate . The
bending and membrane stresses are considered to be uncoupled if inplane tensile
or compressive loads are present, in addition to the lateral load.

(2) Elastic buckl ing (second order linearized ana1ysis:~ The effect of the
external inplane loads on the equilibrium equations is considered in this type of
analys i s, thus coupling the membrane and bending stresses. The deflection , however,
is still assumed to be small relative to the plate thickness (w/h<O.5). All other
lim itations stated under (1) above are still upheld. In the absence of lateral
loa ds , the solution of the resulting linearized differential equation provides a
set of homogenous linea r algebraic equations. For a non-trivial solution , the
determinant must equal to zero (buckling criterion). This gives a solution in
the form of discrete values (eigenvalues) from which the buckli ng loads are
determined . The smallest of these gives the critical buckling load.

In the presence of l ateral loa ds , the criteria for determ i n ing the buck l in g
loads is obtaine d by sett ing the resulti ng deflect ion solu tion equal to in f in i t y,
i..e., by settin g the denom inator of the equat ion equal to zero .* A sim i lar
procedure is used when the effect of initial deflection of the plate is incl uded
in problem formulation .

The energy method (instead of the direct solution of the linearized differ-
ential equation ) may be also used for determining the buckling loads. An
expression for the total strain energy can be formulated and equated to the work
done by the external loads . Minimizin g the resulting equation with respect to

*The result in g cr i tical load i n th i s case is the same as that determ ined when the
la teral l oad is not present.
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the unknown coefficients in the assumed deflection surface provide a set of homo-
geneous algebraic equations . From these equations the buckling loads are
determined by setting the determinant equal to zero .

In Section 4 of this report some collected and some developed formulations
of the buckling loads under a variety of loading combinations and stiff~~ rs and
plate properties are presented and further discussed. Interaction curves nave
been developed which give the critical combination of the biaxial loads for
various aspect ratio of the gross panel and various ratios of stiffener ’s flexural
rigidity to the plate flexural rigidity .

(3) Inelastic buckling . One of the limitations in item 2 above (elastic
buckling) is that the stresses must remain within the linear elastic range. This
is the case for slen der pla tes an d gr i l l a ges , i .e., as lon g as the sl endernes s
ratio b/h is above a certain limit which depends on the material properties. For
structural steel of E = 30 x 106 p .s.i., v 0.3, yield stress of about 34000 p.s.i. and
proportional limit of 30000 p.s.1 ., this limiting value of b/h is about 60 if the plate
is simply supported and compressed in one direction only. For b/h lower than this
value experiments have shown that the yield stress becomes a l imiting value.

Under biaxial compression , the limiting value of b/h depends on the ratio of
V the x- and y-compressive loads . For a structural steel of the same properties used

above and for a simply supported square plate subjected to biaxial compressive
stress in one direction equal to three times the compressive stress in the other

V direction , the limiting value of b/h is about 64.

Beyond the proportional limi t of the material the modulus of elasticity E
— ceases to be constant. In the range between the proportiona l l imit and the yield

stress it is usual to use in the mathematical formulation of the problem the
tangent modulus E = 

da instead of the elastic modulus E. This is done at a selectedt .~~~ V .number of stress points between the proportional limit and the yield stress and the
corresponding tangent modulus is determined from the stress-strain relation of
the material. Based on these values of a and Et the corresponding values of b/h
are determined and plotted versus the critical stress.

If the compression test dia9ram for the stress-strain relation is not available ,
an analytic expression representing it may be utilized . The formula for the tangent V

modulus can be then obtained by differentiation. If the material has a well defined
yield poi nt such as structural steel , the following expression for the tangent
modulus  may be used :

d a -a
t d~ 

- cyp-ka

Th is express ion gi ves Et = 0 at a = a and Et = E = elas tic m odulus  for a = 0.
“k’ is a parameter which depends on the ma~~r ial pro perti es. The valu e k 1

V corres ponds to Hoo ke ’s Law , i.e., a = E c. The value of k for structura l stee l may
be taken between 0.96 to 0.99.
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(4) Non-linear analysis including lar9e deflection and post—bucklin g behavior:
In the previous categories, the effect of the deflection (or ~ts derivatives) onthe strain components of the middle plane of the plate was ignored. This Is
valid as long as the deflection remains small and the middle plane of the plate
remains unstretched. When the deflection becomes large compared to plate thickness
(as is the case when the plate buckles), the effect of the defl ection on the
strain components must be included. These strain-displacement relations can be V

then combined wi th the stress-strain relations and with the use of Airy ’s stress
function, a fourth order partial differential equation representing the compati-
bility of displacements can be obtained , the “compatibility ” equation . The
equilibrium in direction perpendicular to the plane of the plate provides the
second fourth order partial differential equation; the “equilibrium ” equation .
These two coupled equations can be then -solved for the deflection and the stress
function. The membrane and bending stresses can be determined from the stress
function and defl ection , respectively.

This analysis has been used to develop design charts for gross stiffened
panels under combined biaxial inplane loads and lateral loads [14].

(5) Failure analysis (non—linear ): The material non-linearities in the
failure range of the gross panel must be considered . Two distinct types of
approximate analysis may be used. If the latera l load acting on the gross panel
is combined wi th smal l compressive biaxial l oads , l im i t analys is may be used to
estimate the ultimate strength of the panel . On the other hand , if the compress ive
biaxial loads are dominant then several modes of failure are possible. The lowest
of these modes depends primarily on the relative flexural rigidity of the plate
to that of the stiffeners and the stiffeners’ torsional rigidity . The failure modes
include failure of plates between stiffeners, failure of long itudinal stiffeners
under pure bucklin g, torsional-bucklin g (tripping ) of longitudinal stiffeners , or
failure of the grilla ge as a whole . These failure modes are discussed in detail
later in this section .

B. Comparison with Experiments

Comparisons between experimental measurements and analytical results were
considered next. Unfortunately, the scarcity of the experimental data on stiffened
panels under biaxial compressive loads and lateral pressure limited the scope of
the comparison. Ship Structure ConRnittee Report SSC—223 [49] provided some infor-
mation in this regard. Reference [50] provided also some good additiona l experi-
mental data. This reference, however , gives experimental results of a series of
tests on ful l -scale welded steel grillages under uniaxial compressive loads
combined in some cases with lateral pressure. A recent experimental study , not
yet published on stiffened panels under biaxial loads is being carried out in the
Civil Engineering Department at the Imperial College , London. A recent Det norske
Veritas report [9] and other recent correspondence [51,52] indicated also the
scarcity of experimental results on stiffened panel s under biaxial compressive
inplane loads and lateral pressure.

Most of the experimental work on stiffened panel s is carried to the ultimate
strength of the panel . For the purpose of comparisons, several analytical methods
for prediction of the ultimate strength of ship grillages were examined [14 , 24 , 25 ,
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26, 31, 34, 36, 42]. In particular, plastic limit analysis of grillages was given
considerable attention. The plating was considered as effective flange to the
stiffeners , i.e., grillage representation. The usual assumption of neglecting the
Influence of the shear force on the formation of the plastic hinges was made [24] .
The torsional rigidity of the stiffeners of typical ship gross panel is usually V

small and Its effect on this particular mode of failure of the gross panel as a
whol e Is also smaIl.* An upper bound of the collapse load can be then estaETiThed

V by choosing a one-parameter deformation pattern and equating the rate of Internal
energy dissipation to the rate of external work. The correct collapse mechanIsm
Is the one which gives the lowest upper bound. This type of limit analysis can be
employed if the lnplane compressive forces are relatively small and the collapse
Is primarily due to large lateral pressure. In this case the inpiane loads tend
to reduce the magnitude of the plastic moment, but no instability (buckl ing) is
assumed to take place. An interaction relationship of bending and inpiane loads
can be used to determine the effect of the inplane force on the plastic modulus ,
as given later in this section.

Simplified plastic limit analysis based on the above assumptions was developed in
this study on the bases of the work presented in refs. [12 ,19,24,25,26] for the case
when the lateral load is combined with smal l biaxial lnplane loads. The resulting
governing equations for the ultimate lateral pressure are:

~ult ima te = 
Pc(~ ’+l) (23)

where Is given by: (1) For fixed end transverse stifi eners,

= 8(m ’+l)~ (Mte + Mt~) + 
(m ’+l) Rc m ’ = even (24)c 

m ’(m ’+2) 12 1

or

p = R(Mt e + Mtc ) 
+ 

(m ’+l) Rc m ’ = odd (25)c L2 L

(2) For simply supported transverse stiffeners,

8(m ’+1)~ (m ’+l)PC = 
m ’(m’+2)L2 Mtc + 

L 
Rc m = even (26)

or

8Mtc ‘ ‘+1’P — — + ~m 
‘ Rc m ’ = odd (27)

C L2 I

*The stiffeners may trigger, however, the other modes of failure such as tripping ,
or local buckling which may lead to failure.
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V The values of the interaction forces between the longitudinal and transverse
stiffeners “Rc ” are given by:

(1) For fixed end longitudinal stiffeners ,

Rc = 
8(n’+l)(Mie + Mlc) n ’ = even (28)

or 

n ’(n’+2) B

R = 
8(Ml e + M lc)  n’ = odd (29)c (n ’+l )  B

(2) For simply supported longitudinal stiffeners ,

8(n ’+l) Mlc
Rc = - n ’(n’+2) B n ’ = even (30)

or

R = 
8Mlc n ’ = odd (31 )c (n ’+l) B

where ,

~ultimate = ultimate uniform pressure

R
~ 

= interaction forces between longitudinal and transverse
stiffeners

Mte = plastic moment of transverse stiffener at ends

Mtc = plastic moment of transverse stiffener at center

Mle = plastic moment of longitudinal stiffener at ends

M1~ 
= plastic moment of longitudinal stiffener at center

B = length of longitudinal stiffeners

L length of transverse stiffener

= number of longitudinal stiffeners

nt = number of transverse stiffeners

When only l ateral pressure is present then Mie = Mic and Mte Mtc and one
may replace Mie + Mic and Mte + Mt~ with 2Ml and 2Mt , respectively, In the above
formulas. M1 and Mt are the plastic moments for the longitudina l and transverse
stiffeners, respectively.

~~ ~, ~~~ V ~ V V V~ - - . V



— — —- —.--- ~~~~~~~~~~~~~~ ~~~~~ 7VV V 7V_ ~~~~~~~~~~~~~~~~~~~~~~~~~~ fl• ~~~~~~VV V 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~ —-- — - - --

~~
-- ---•-—- • -

[ 24

For the case of a stiffener with a web-section area A~ and a flange area AFattached to a plate of area A~ and subjected to lateral load only, the plastic
moment is given by:

Mp last i c  = t5F + S~ + s~) oyp S °yp (32)

in which SF, S~, and S are the contribution of the flange, web, and plate,
respectively, to the p?astic modulus S, as defined by (32). SF, SW , and S,., can
be determined in the usual manner as , for example, given in reference [53]~

’
Figure 5 shows the formulas for determining their values as obtained from [53].

When the section is subjected to combined inplane and lateral loadings , the
plastic modulus S is reduced to S-2m, where ~ is the moment about the equal areaaxis (E.A.A.) of the area between the equal area axis and the plastic neutral
axis (P.N.A.). The position of the latter axis is defined by g1, as given by the
formulas shown in Figure 6 obtained from reference [53].

When both the equal area axis and the plastic neutral axis lie in the web or
in the plate, the modified plastic modulus S’ due to axial force can be reduced to
the following simpl e forms:

5’ = S - (A2)~j2 (33)

S’ = 5 - (A2)fi2 (34)

The first of these equations is for the case when both axes lie in the web and
V 

the second for the case when they lie In the plating. “ñ” is the squash load ratio
defined as the mean axial stress over the yiel d stress and “s” and “ t “ are the
plate breadth and web thickness, respectively. (See Figure 6,) W

Limit analysis becomes complicated if the inplane forces contribute appreciably
to the collapse failure of the grillage particularly if arbitrary shapes of
stiffener cross sections are considered . For large inpiane forces , it is seen that
the grillage stability problem (or l ocal buckling ) will become more important, i.e.,
stability conditions rather than l imit analysis would be governing in this case.

The developed procedure described above was app lied to three gross panels.
The first of these is shown in Figure 1. It is Identical to the one considered
in the previous behavior analyses using several methods. The second and third
gross panels have the same dimensions and stiffener characteristics as grillages
numbered lb and 4b of reference [50]. The experimental collapse loads for thes e
grillages are 15 p.s.i. lateral pressure with 12.1 t.s.i. average unlaxlal
compressIve stress for grillage “lb” ; and 8 p.s.i. lateral pressure with 13.5 t.s.i.
average compressive stress for grillage “4b”. The results of the limit analysis
together with the dimensions of the three gross panels are shown in Tabl e 2. All
edges are simply supported for gross panels 2 and 3. Other comparisons between
l imit  analysis and experiments without the presence of inplane loads are available
in the literature [25 , 26] and are favorable.
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CASE Lii CASE (ii i

AP > A F + A W AP < A F + A W

AF F F

d g 
A W 

ij - - 
~~~~~

- - — - 

~~~~ V 

~~~ 

‘- +

EQUAL AREA
AXIS

_____ — 1—

CASE (I) CASE (ii)
1-

C1 (A p - Aw - AF)/2A p (A W + AF - Ap) /2A~

C12 - C 1+ 112

g C1 t1~, C1 d

SF AF(d + 9 + 1/2t F) A F(d - g +

Aw ( ~~
- .d + g) AwdC2

Sp AptpC2 Ap(g + ~~
- tp)

FIGURE 5 - MEMBER UNDER BENDING MOMENT ONLY, REF . (53]

_ _ _ _ _



- _ 1 J~T1T 
V~~~_~~~___~ 1V_V V .~~~-,, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~

FORMU LAS FOR CALCULATING POSITION OF THE PLASTIC NEUTRAL AXIS.

FOR A MEMBER SUBJECTED TO BENDING AND AN AXIAL LOAD THE
DISTANCE OF THE PLASTIC NEUTRAL AXIS FROM THE WEB-SIDE OF THE
PLATING IS DEFINED BY gj ,  WHICH CAN BE CALCULAT ED FROM FORMULA
(1), (2) or (3) BELOW, WHICHEVER IS APPROPRIATE. IN ALL CASES
FORMULA (1) SHOULD BE EVALUATED FIRST. A

F

-(1) Ej ~~~ 
+ - ~ AD] 

~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF FORMULA (1) GIVE S A NEGATIVE VALUE FOR 81~ TEEN
THE PLASTIC NEUTRAL AXIS LIES IN THE PLATING ,
AND FORMULA (2) SHOULD BE USED.

(2) g1 ~~ [A1, — AF 
- AW ± AD]

_ _ _  _ _  - I

IF FORMULA (1) GIVES > d , THEN THE PLASTIC
NEUT R AL AXIS LIES IN TIlE FLANGE , ANT) FORMULA (3) 

bSHOULD BE USED. 
_ _ _ _ _ _  

V

(3) 
~i

=
~~~ 

[~~~
- A w

_
~~~~~~ A I l ] + d  

~ 

j d
WHERE : A - A1, + A~ + AF -?

Il = THE SQUASH LOAD RATIO WHICH IS EQUAL TO THE =
MEAN AXIAL STRESS OVER THE YIELD STRESS .

NOTE: THE UPPER SIGN PRECEDING All SHOULD BE USED WHEN THE STRESS DUE TO THE
AXiAL LOAD ALONE iS OF THE SAME KIND (TENSILE OF COMPRESSIVE) AS THAT IN THE
FLANGE DUE TO THE BENDING MOMENT. THE LOWER SIGN
APPLIES WHEN THESE STRESSES ARE OF OPPOSITE K1NDS

;(
_”AF 6 IN 2

EXAMPLE : 1/2 ” 
_ _ _ _  

V— - — - ~t~~~-— P .N .A .
MOMENT OF g 

~
— 8’ f—

$A .r. .H~- 
~~~~~~~~~~~~~~~~~ 

— 5 IN2
SHADED AREA El
ABOUT E.A.A . 

~.

— 9 IN

FIGURE 6 - MEMBER UNDER BENDING ANDAXIAL LOAD, REF. (53]. V
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As was mentioned earl ier , if the inpiane loads are sufficiently small to cause
no local or overall insta bi l ity , the ult ima te strength and the collapse mechanism
can be determined using the simplified procedure developed above. Alternatively,
if the loads acting on the gross panel did not increase proportionally shakedown
analysis is more suitable. In this case if the shakedown load is exceeded , plastic
flow will continue during each cycle of load application leading eventually to
failure ei ther by: (1) alternating plasticity , or (2) incremental collapse.

If the inplane loads are dominant then the stability and post-buckling
behav ior become the governing considerations rather than the limit ana l ysis.
Several possible modes of failure may arise [50] in this case. These are: V

(1) Plate failure between stiffeners: In this collapse mode , the ultimate
strength of the plate is exceeded before extensive yield occurs in the stiffeners ,
i.e., the ult imate load for the stiffened panel is reached before stiffeners
failure occur. Reliable estimates can be made of the ultimate strength of i so-
tropic (unstiffened) plates under uniaxial compression . (See expressions in the
next section.) Some interaction relations between compression and lateral loads
are also ava i la ble.

(2) Fl exural buckling of stiffeners: In this collapse mode failure occurs V

by column-like flexural buckl ing of stTHeners and plating between transverse web
frames . Because of the initial deformation of the stiffeners and the direction
of the lateral loa d , buckling often occurs towards the stiffeners . But buckling
may also occur towards the unstiffened side of the plate and in this case, fl exura l
bucklin g may be coupled with sideway tripping of the stiffeners .

Two mechan i sms lead i ng to the fl exural buc kl ing of st i ffeners mode of
failure are possible. The plate between stiffeners may first buckle leading to
a reduct i on in the total effec tiveness of the stiffeners ’ rigidity and to
column-buckl ing. The second mechanism postulates that column—buckl ing may first
occur with fully effective plating if the stiffeners are very flexible.

When column- buckling is purely flexural this failure mode can be investigated
using inelastic column analysis based on (a) numerical solutions using beam-column V

elastic- plastic relations or (b) incremental finite element method .

(3) Tri pping of stiffeners (Lateral-torsional buckl ing ): This mode of
failure is likely to occur in flexurally stiff long itud inals wh ich have low lateral
torsional rigidity . It may be coupled with the flexural mode if buckling occurs
towards the plating .

Some elastic analysis exists of torsiona l buckling coupled with flexure , e.g.,
by F. Bleich [54], but no sat isfactory metho d seems to exist for inelastic
tripping of stiffeners welded to conti nuous plating and for the prediction of the
inelas tic colla pse strength.

(4) Overall gross panel buckling : This collapse mode invol ves the overall V

gross panel buckl ing over its entire Tength with bending of both transverse and V

lon gitudinal stiffeners. Two mechanisms l eading to this failure mode are possible:
(a) reduced plating stiffness due to buckl ing between stiffeners , and (b) loca l
stiffeners tripping.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ___
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For un i form gross panel buc kl ing loa ds an d mode~, the entire gross panelunder uniaxial compression can be estimated from orthotropic plate formulas
[3, 6, 7, 14, 15]. This analysis was further developed to include gross panel

V buckl ing un der bi ax ial loa d . Des ig n charts were develo ped show ing the combi na tion
of critica l loads for various aspect ratios and rigidities of both the plate and
stif feners . These ch ar ts ar e presented in the nex t secti on of the repor t with
examples showing thei r use.

In very slender gross panel s for which the elastic buckling stress is wel l
below the yield point a significant post—buckling reserve ~y exist. The ultimate
strength in this case can be estimated using the von KSrm~n effective width technique.Some curves are shown in reference 114] which give the effective width of the
panel which can be used in an iterative manner to estimate the ultim ’.~ e strength
under this failure mode .

__ —~~~ -~~~ -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~~~~~~ V V~~~~~~~~~~~~~

1 30 
V

4. RECOMMENDATI ONS AND DISCUSSION

In the first part of this section some suitable expressions for estimating V

V the buckling loads of gross panels are recomended and discussed . Some interaction
rela tions between the biaxial compressive loads are developed and presented with
exam p les of appl ica tions gi ven i n Append i x II . In the second part of the section V

some recommendations are made for methods of evaluating the gross panel behavior V

and methods for estimating its ultimate strength indicating areas of lack of V

rel iable procedures . A test program is discussed in the final section with goals
V an d object ives outl i ned .

A. Expressions for Estimating the Critical Buckling Loads
in Gross Panels

V (1) Elastic Buckl i ng

(a) Plating between stiffeners (isotropic plates ): For simpl y
- supported plates under uniaxial compression , the crit ical stress Gxcr is given by

the usual expression [54, 55]:

0xcr = k T.~~ (35)

I where

k = (m + 1~ .
2)2 (36)

D = 
12(i_v 2)

h is the plate th i ckness , b and a are the plate breadth and length between stiffeners ,
- and m is the number of half waves in which the plate buckles . For other boundary

con dit ions , the coefficient k is given in many books as for example [54, 55, 56].

- For plates un der bi ax ial compress ion the cr i t i cal buckl ing combi na tion
V of the in plane stresses 

~ 
and can be determined from [55]:

°x m
2 + n2 = 

°e (m 2 + ~2 ~ .)2 (38)

where
-

- °e = (39)

D is given by equation (37).
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Equation (38) reduces to equations (35) and (36) when a = 0 and
n = 1, i .e., uniaxial l oad conditions. Values of m and n (number of ~alf wavesin which the plate buckl es in the x- and y-directions , respectively) should be
chosen such that the smalles t values ax and a~,, will result. The following in-
equalities can be used in this regard.

(i) If 0x lies within the following l imits , the values
m = 1 , n = 1 should be used in calculating the
critical value of ay

ae(l _ 44 )<ax < a e(5 + 2
~~.!.) (40)

(ii) If the value of ax is larger than the upper limit
of inequality (40) and lies between the following
l imits then the values n = 1 , m = i (where i = 2,
3,4) must be used in determining the critical
value of ay.

ae(2i 2 - 2i + 1 + 2 
~~

.) < ~ < ae(2i
2 + 2i + 1 + 24)  (41 )

(iii) If the value of a is smaller than the lower l imit
of inequality (4OL then the values m = 1 , n = i
( i  = 2 , 3, -- -) must be used in determining the
critical value of ay if the following 4nequality
holds.

ae[l — j2(j..l)2 
~

] > > ae[l — 12( 1+1) 2 
~~~ 

(42)

As an exampl e, consider the case where the plate aspect ratio ~~
. = 0.3

and let the compressive stress ax = O.20e. Since ax is smaller than the U

lower bound of inequality (40), we must use the general inequality (42) which is
satisfied by taking i = 3. Thus for m = 1 and n = 3, equation (38) gives

GX + 9 0  ~! = Ge (1
~
‘ b2 b2

from which the critical compressive stress is ,

a~~r 
= 3.8 Ge

(b) Flexural buckling of stiffeners: The critical stress ‘1acr” for
the fi exural buckling of a simply supported stiffener with an effective breat~th of
plating may be estimated from the usual Euler formula with shear deformation
included [50, 54 , 55 56] :
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acr = 
.IIV 2EI 

,~.2 Ef 
(43)

a GA5

in which I is the effective moment of inertia of the stiffener with the attached
plating, a is the length of the longitudinal stiffener between the transverse
gi rders , A is the total cross section area and As is the effective shear area.
For other boundar y con d i t ions 4 refers~nce can be made to [54, 55, 56].

(c) Lateral-torsional buckling of stiffeners (tripping) : The
critical stress Ger can be approximately estimated from a formulation due to
Bleich [54]:

_______acr = 

(a/re)2 (44)

where a is the stiffener len gth and re is the effective radius of gyration. The
effective radius of gyration for a variety of stiffener shapes and for stiffeners
wh i ch can rotate ~‘i th or without restraint around the enforced axis of rotation(intersection line with the plate ) can be obtained from curves and expressions
given in reference [54]. Other possible formulations such as discussed in [57] using
folded-plate analysis can be used to estimate the tripping critical load .

(d) Overall grillage buckling: This buckling mode can be estimated
from orthotropic plate analysis if the number of stiffeners in each direction
exceeds three.* For gross panel s under uniaxial compression the criti cal buckling
load is given by [58]:

- k ~~~~~~Gxcr — 

hxB2 (~~~~~~)

where k is given by different expressions depending on the boundary conditions [58].

(i) For simpl y supported gross panels.

m2 2
k = — ~~+2 fl ~~~~~~~~ 

(46)

(ii) For gross panels with both loaded edges simply
su pported and both other edges f ixed.

k = ~~ .+ 2.5n+5 2~. (47)
p2

*For gross panels with three stiffeners or less , the cri tical buckling loads
can be determined from references [56] or [55].
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(iii) For gross panels with both loaded edges fixed
and both other edges simply supported.

k = 2 ~~+ 6 (48)

where 6 is a parameter that has to sati sfy the
transcendental equation [58]:

c*m tan ~~~~~
= 

~~~~ tan ~~!!. (49 )

where

c~m ~
2 2  

-

= ~~~ [~ + ~/62~4]

Thus for a given value of p; 6 which satisfies
equation (49 ) must be determined and used in
conjunction with equations (48) and (45) to
determine the critical buckling load .

Equati ons (45) and (46) reduce to equations (35) and (36) when isotropic
material properties are used . For gross panel s of other boundary conditions
reference [6] and [59] can be used to determine the factor k in equation (45).

For simply supported gross panel s subjected to biaxial edge compression,
the critical combination of the edge stresses GX and a of the overall grillage
buckling was developed using the energy method (see Ap~endix II). The resulting
critical combination is governed by the following equation:

+ n2 = 
4+  2~~ m2n 2 + p2n4 (50)

Symbols used in equations (45) to (50) are defined as follows :

V 

L 4fi 
. 

Dxy
~ BV D x IDxDy

* - ~2 ~/DxDy~ . * = if
2 JDxDy

aX hxB2 ‘ y hyL2
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Dx and Dy are the flexural rigidities per unit width [14, 50].

Dxy twisting rigidity per unit width [14 , 50] .

hx, h~ average cross sectional areas per unit width of effectiveplating and stiffeners in the x- and y-directions , respectively.

B gross panel breadth in the y-direction .

L gross panel length in the x-direction.

m,n number of half waves in which the gross panel buckles in the
x— and y-directions , respective ly .

For the approximate evaluation of the rigidity coefficients Dx, Dy and
Dxy of an actual plate-stiffener combination reference should be made to [4, 5, 7,
10, 14].

Equation (50) reduces to (38) when isotropic material properties are
used . In equation (50) the values of m and n should be chosen such that the smallest —

values a~ and Gy result. For this purpose some i nteraction curves have been devel-
oped [60] which assist in determining values of m and n to be used in (so) for
different values of p, r~ ~~~~~. and 2~Y. . Figures 7 to 14 show such interaction curves.

V a~ 
Gy*

Examples of application of equation (50) and the interaction curves to actual ship
grillages are given in Appendix II. Interpolation between the curves should not be
performed because of the non-linear relationship between the variables p, n, m , and n .
Instead equa tion (So) should be use d after determ inin g the values of m and n .

The cri tical buckling load of gross panels can be also determined on
the basi3 of discrete beam solution , i.e., grillage representation. Convenient
charts for estimating such l oads for elastically supported gross panels are given
in reference [29] .

It should be mentioned that , i n general , plate bucklin g cannot be
observed in full-scale experiments . The transition from the pre—bu ckl i ng into the
post-buckling range is usually not accompanied by a sudden increase in deflection
because of presence of initial deflections and plate imperfection . For plates under
uniaxial inplane and lateral loads reference [3J gives charts for the total deflection
Wt, effective width and plate bending moment including initial deflections. Figure
15 is a sample of these charts taken from reference [3). It shows clearly that a
perfectly flat plate with no latera l load appl ied exhibits a theoretical bifurca-
tion point ~‘f equilibrium. It also shows that the sudden rate of increase of plate
deflection disappears with increasing initial deflection and l ateral load . These
initial deflections need not be very large to obscure the bifurcation point . Figure
15 shows also that the order of magnitude of the final deflection (in the post—
buck 1ir~ range) is almost independent of the initial deflection .

_ V V .V V~~~_ VV~ V~ V
V 
~~V V~~~~~~_ . ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - V VV V VV V V_ VVV~_~~ V_ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ V V ~~~ V_VV ~_~ _ _ . _~ ___~ - VV - - -  VV _~~~~~~~~~ 

-



w .,— .-~~ -- —- - ~~~~~~~~~~~~~ —P,-- -

~~ 

—I ’

35

V 
(I)
LLI

— 0
—
I- .
C-)0

4.4
I— U)C.) I—

O q  
C.~O N

C

“.1*’~.b i b
—
LJ~

U)
V U)

U)
‘-I
_J —

0. 2  -
~~~~~

0 0a d  4.4 0 —
• U U

~~~~~~

I ,
’ 

~~
0 

“ ~0

b i b  ‘j ’- b b

V _
~
_V

~ 
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ .:~~i VrV ._~_  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V -—



- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

36

(I,
U)V U)
— U) V

.J

-J
0
—
I.- 0
C-) —

b”j ~~ b’I~

V 0
— 0
I- —
C.) I.-

C.)

U)
I- U)

4.4 - .

V ~~~~~~~~~~

.

I -
~~~ ~~

_
~~~~- 

V .

I ~
• C.)

I b b ~I _ j

I ~~~~~, - *  —I

~~~~~c 

r

- - - - -- V 



- -
_ _ _ _ _  - -

37 -

cose ( I) p .1. 5 y s l .O i~.I.O 
V

_ _ _ _ _ _ _  

~~O~~~~~~~~~O 2t3

au~~O.O 0 10.25

•30
~~~~~~~~~~~~~~~ 2b 

~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

T±~0~ 20
FIGURE 15 - EFFECT OF INITIAL DEFLECTION FROM REF. [3 ) .

- ~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~ . 
V - V



38
V 

(2) Inelastic Buckling

As was mentioned in Section 3, if the slenderness ratio decreases below
a certain l imiting value wktch depends on the material properties , yielding
may occur prior to buckling. Experiments have shown in general that plates and 

V

beams may buckle at any value of the slenderness ratio if the compressive stresses
reach the yield point of the material . Between the proportional limit and the
yield point the tangent modulus Et instead of E can be used in most of the preceding
elastic buckling formulations (equations 35 to 44) for predicting the inelas t ic
buckling loads . The tangent modulus is to be determined from a compression-test
diagram. In the absence of a compression-test diagram, the following expression
may be used for materials with wel l-defined yield point such as structural steel :

Et = E  (51 )ayp - ca

Another formulation for the tangent modulus is given by Bleich [54].
in which Gyp is the yield stress and the parameter c can be taken 0.96 to 0.99 for
structural steel . He proposed the use of a quadratic parabola in the form:

V Et = E 
~~~~~~~~ 

(52)
yp p p

where ap is the proportional limi t of the material . Faul kner suggested [31], however,
that ap be taken as the structural rather than the material proportional limit.

For materials that exhibit pronounced strain-hardening , Ramberg-Osgood ’s
[61] three parameter relation may be used [31]. From this relation , the tangent
modulus is given by:

r ~~~~ 1
31 + y ~r

where a is the base stress when Es = 0.7E and 
~r 

is empir ica l  constant deri ved from
curve fitting. Reference [62] gives typical values of a0 and 

~r 
for a variety of

materials.

B. Methods of Evaluating the Gross Panel Behavior and its
Ult imate  Strength

( 1) Linear and Linearized Elastic Behavior

In this range , the different existing methods of examining the behavior of
gross panel s seem to be reliable and adequate . Based on the comparisons made In
SectIon 3, the difference In the results of applying the various methods of analysis
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= (see Table 1) to a gross panel subjected to biaxial inpiane and lateral loads fall
— wi thin reasonable l imits of engineering accuracy. In particular the finite element

analysis [47 , 48], orthotropic plate analysis [4, 5, 6, 7, 15] and grillage analysis
[47 , 48, 27. 29, 30] are suitable; each subject to certain limitations as discussed
in Sections 2 and 3. The finite element method provides accurate geometric repre-
sentation of the gross panel but requires more time and effort than the other two

V 
methods particularly if the lat ter methods are presented by design charts such as
given in [4, 5, 6, 7, 29 , 30] .

(2) Non-linear Large Deflection Behavior

It is wel l knownthat buckling of ship gross panel s as a whole may occur,
in some cases, at rather low values of inpiane compressive loads while the plating
between the stif-Feners sustain adequate (larger) buckl Ing loads. This condition
can be , generall y, found in deck fields adjacent to hatch openings of transversely
framed ships with lengths of 350 feet or more [67], and in bottom plating [70). It
has been ind icated theoretically and experimentally [14, 66, 673 that, for slender
gross panels, the buckling load of the gross panel as a whole can be exceeded by
a certain amount without danger to the structure.*

Although the transition from the linear to the non-linear large-deflection
behavior is usually characterized by the elastic buckling loads as given under
NA” of this section , in some cases , however , the geometric non-linearities arise
due to the action of large lateral pressure on the gross panel even though the
biaxial inpiane loads may be well below their critical va lue. In either case the
effect of deflection (or its derivatives ) on the strain-displacement relations
must be considered in the analysis.

In the finite element method this requirement led to the formulation of
the geometric stiffness matrix in addition to the usua l axia l—f l exure linear
stiffness matrix. The approaches to the solution of the non—linear governing
equations can be achieved using either a direct iterative method (e.g., Newton-
Raphson procedure), or an incr emental mode l in which the loading is treated as a
sequence of ste ps , with linearization of the analysis within each step. Computer
programs which have evolved from such consideration are discussed in [42, 63, 64,
65].

Considerations of post-buckling behavior and large deflections can be also
evaluated using orthotropic plate analysis. Some behavior analysis of plates under
combi ned lateral pressure and uniaxial edge compression is given in [2] . Design V

charts for stiffened and unstiffened plates , with and without initial deformation ,
subjected to uniaxial inplane load and lateral pressure are presented in [3]. For

*Some computations in reference [67] showed , as an example, for a dec k gross panel
of Mariner type vessel s having a plate thickness of 1.125 inches and a frame spacing -
of 30 Inches , the critical buckling load of plating between the stiffeners is equal
to the yield stress while the critical buckling load of the gross panel as a whol e
with considerations of elastic restraint at the sides is only about 8,200 p.s.i.
The latter value is lower than the expected compressive load resulting from the
max imum sagging moment.



— VV ~ W ~~~~~~~~~~~~~~~~~~~~~~ V V V~~
_VVV V~ - - ~~~ V 

-

40

stiffened and unst i f fened plates , subjected to biaxial edge compression and lateralloads , charts are presented in reference [14) for calculating the effective width ,
center deflect ion , buckling loads and bending stresses in the post-buckling range.
Examples showing the appl ication of such charts are also given in [14]. Additiona l
analysis and examples of application are given by Schultz in [66] .

In examining the finite element method , the or thotro pi c pla te analys i s ,
and the grillage analysis in the non-linear large-defl ection range of gross panel s
under biaxial compression and latera l loads, it was hoped to conclude that one or
the other method is consistently more reliable and adequate in all situations .
Unfortunately, no such statements can be made with a high degree of certainty since
the amount of available evidence is not substantial enough to support such a state-
ment. Each method has its own limitation as discussed in Section 3 of this report. V

The finite element method provides a more accurate geometric representation of the
gross panel. The effort and time involved in the application , however , is much
l arger than the other methods .

(3) Ultimate Strength and Failure Modes

In the ultimate strength analysis it is desi rable and convenient to
distinguish between two cases as discussed in Section 3. The distinction between
the two cases depends on the relative magnitude and dominance of the inplane loads.
Such distinction Is justified since the basic concepts and methods of approach are
quite different in the two cases as indicated below .

(a) Small inpiane loads: If the inpiane loads are small compared
to their critical values (about 60% of their critical values), the limit and
shakedown analyses provide adequate approach for estimating the collapse lateral
load and the ultimate strength of the gross panels subject to - the limitations
discussed in Section 3. Typically in the limit analysis of grillages the ele-
mentary collapse mechanism or the combination of elementary collapse mechanisms
which give the smallest ultimate load is the mechanism in which the panel will
collapse. This requires the consideration and evaluation of several collapse V

mechanisms . A simplified method , howev er , has been extended to include biaxial
loading condition as discussed in Section 3-B. The governing equations (equation
23 to 34) presented and appl ied to three grillages in the same section can be
used for estimating the collapse load under these loading conditions .

(b) Dominant inplane loads: If the inpiane loads are large , the
adequacy of existing methods of predictJng the ultimate collapse load depends on
the particular mode of failure . Some experience has been gained in certain modes
of failure and , correspondingly, some expressions have evolved . In some other
modes of failure , however , the progress has been slow and either no well established
reliable procedure is available , or in some cases , no clear measure of the
relative reliability between the available procedures can be affirmed . In general ,
if the collapse of the gross panel under biaxial compression and lateral pressure
occurs by cou p ling of more than one mode of fai lure , it is fair to state that no
procedure is available at the present time with a firm evidence of providing the
correct solution under all physical circumstances .

Some of the available expressions and procedures for the individual
failure modes are presented below. Recommending these expressions a~d proce dures

—~~ 
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neither necessarily means that they can be appl ied with absolute confidence nor
that they are rel iable in all situations . It only means that they are the most
suitable and promising existing methods.

(i) Failure of Plating Between Stiffeners

This mode of gross panel failure becomes particularly important
in transversely framed ships , especial ly in deck p latings near hatch openings.
Provided that the slenderness ratio of the plate is large (see Section 2), it
is well known that plates , unl ike beams , can carry loads beyond the critical
buckling load. The ultimate compressi ve load can be determined in this case
us ing von K~rm~n ’s concept which states that the load-carrying capacity of the V

plate is exhausted when the edge stress approaches the yiel d point. Such consid-
erations l ead to the following expression for a simply supported plate subjected
to unlaxial compression [55].

~ult = 2chayp = ~~ h~ JE Gyp (54)
13(1-v )

where Gyp is the yield stress of the material , °h° is the plate thickness and “2c ”
is the effective width of plating, given in this case by:

2c (55)

Experiments are in satisfactory agreement with equation (54) , (see
reference 55). A better agreement can be obtained by using in equation (55),
instead of the constant factor ¶I~J~(l_v 2) = 1.9 (for v = 0.30 a factor K varying
with the non-dimensional parameter rI . h Reference [55] gives the

experimental values of the factor K which decreases wi th increasing values of this
parameter.

For wide sh ip  plating subjected to uniaxial compression only,
analytical values of the effective width “2c ° can be obtained from curves presented
in [67]. Whe n biaxial loading condition exists , the effective width can be deter-
mined from the char ts presente d in [14] and can be used in conjunctio n wi th equation
(54). 

V

If the edges of the plate are kept straight during buckling and assuming V

that failure of the plate occurs when the maximum shear stress reaches a value
equa l to .~~. Gyp~ the following expression for the ultimate load is given by

Tlmoshenko [55) for a simply supported square plate under uniaxia l compression

~u 1t = 2ah Gyp (0.434 + 0.566 ) (56) 
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where a is the plate length and ccr -is the critical buckling stress. Comparisons
between results of equations (54) and (56)together with test data are given in
reference [55]. The straight-edge condition seems to be more representative of
plating between stiffeners in ship gross panels.

The effect of the latera l pressure is unlikely to cause significant
loss in the plating compressive strength , particularly if the ultimate compressive
loads are much larger than thei r critical buckling value. Charts presented in
[3] and [14] show clearly such trends. Experimental data confirmed this conclu-
sion [50, 68]. Charts presented in [14] show also that a small inpiane load in
the transverse direction has little effect on the effective width , particularly
if the inplane load -in the longitudinal direction is much larger than the critical
buckling value. Reference [3] shows the effect of initial deflection on the 

V

effective width for plates under lateral and uniaxia l loads. In genera l , the
effect of the initial deflection is to decrease the effective width but such
effects become less pronounced as the inplane load becomes larger than its critica l
value.

Becker and Calao [62] presented an interesting semi-emperical
approach to the determination of the ultimate strength under biaxial loading
conditions. In their approach the uniaxia l strength data are utilized together
with interact ion relations between the inplane stresses. To apply the procedure V

properly for the biaxial strength prediction it is necessary to have a complete
background of data on the uniaxial strength. The experimental comparison wi th this —

approach [62] is favorable. —

(ii) Flexural Buckling of Longitudinal Stiffeners 
V

In this mode of fa i lure , the ultimate load carrying capacity of the
gross panel is governed by col umn-like flexural buckling of the longitudinal V

stiffeners (together with the effective breadth of plating) between the transverse
stiffeners. If buckling is assumed to be purely fl exural and under uniaxial and
latera l l oading condition elasto-plasti c finite element programs [42, 50] can be
useful in this regard. Alternatively, grillage representation and beam-column
elasto-plastic behavior such as adopted by Kondo [34] and Rutledge and Ostapenko
[35] can be used . Development of parametric studies , design charts , and simplified
design methods based on these approaches can be very useful for the usua l design
work. F~r large values of b/h and und er la tera l pressure com bi ned w ith un iax ial
load only Vojta and Ostapenko [69] presented such design noMographs.

In reference [46] Stavovy presents a simplified practica l formulation
for the ‘~ ritudina11y stiffened panel (between transverse stiffeners) subjected
to edç~ compression only which can be easily used in design . Unfortunately no
similar formula exists for the case of biaxial inpiane l oads combined with lateral
pressure.

(iii) Tripping of Longitudinal Stiffeners

This mode of failure is usually a result of coupled flexural and
torsional modes of buckling . Some elastic buckling expressions obtained by Bleich
were presented in Section 4-A of this report ; however , no sat i sfactory method seems
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to exist for the inelastic tripping of stiffeners welded to continuous plating and
for the prediction of the inelastic collapse strength . A detailed discussion of
this mode of failure is given in [50].

(iv) Overall Gross Panel Buckling

As was mentioned earlier in Section 4-B , slender gross panels have a
certain amount of post-buckling reserve, i. e., the buckling loads as given in
Section 4-A under “overall grillage buckling ” can be exceeded by a certain amount
without danger to the structure . In a biaxial loading condition combined with
latera l pressure very few procedures are availabl e for predicting the ultimate
strength of such gross panels.

Assuming that von Kármán ’s effective width concept holds in a similar
— manner to that in the un~tiffened pl ates, the design charts presented in reference

[14] can be used In an iterative manner to determine the effective width of the
gross panel and its ultimate strength. The effective width can be determined from
these charts for a variety of biaxial loading combinations together wi th lateral
pressure. The charts indicate , however , that the ultimate strength is very littl e
affected by the magni tude of the lateral load particularly if the edge loads are
much larger the critical buckling load . This observation is in agreement with recent
experimental results given in [50]. Also , according to these charts an inp iane load
in the transverse di rection has a small effect in the effective width if the inpiane
load in the longitudinal direction is much larger than the critical value . No
experimental confirmation , however , exists of this latter observation .

The ultimate gross panel strength in this mode of failure can also be
predicted using expressions given by Faul kner [31] if biaxial loading conditions
exist but without lateral pressure . In his approach , Faulkner used a discrete
beam solution for gross panels with sides and ends elastically restra i ned against

V rotation . The general biaxial elastic buckling solution given by equations (12)
and (13) of reference [31] may be used in conjunction with equations (33) and (34)
of that report to allow for the inelastic effects using the tangent modulus concept.
No allowance is made , howev er , in this approach to the non-linear large deformations
which make it more suitable for application to gross panels wi th heavy stiffeners.

If only uniaxial inpiane load is present in conjunction with lateral
pressure , the method presented by Parsanejad and Ostapenko in reference [36] and
discussed in Section 3 of this report can be used for estimating the gross panel
ultimate strength. No design i nformation for manual calculation is , however , V

presented in the report [1~~]. =
Each of the ~ ree methods discussed above for predicting the overall

grillage mode of failur~ is suitable under a specific loading combination and
geometric characterie cs. A need clearly exists for test data to evaluate
these methods and probabl y for further development of the underlying theory.
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C. Test Program

It has been pointed out under “A” and “B” of this section that , in many
instances ,the recomended expressions and procedures for estimating the behavior ,
the critical buckling loads , the failure mechanisms and the collapse loads of
ship gross panels still are far from being completely well -established and
reliable in all physical situations , particul arly if a biaxial loading condition
exists in combination with lateral pressure . It was also pointed out that in some
cases no clear measure of the relative reliability between the available procedures
can be ascertained and a fi rm evidence of the exact” solution is not available.
Although test programs may not provide the ultimate answer to all the questions
discussed in the preceding sections , a well developed program will , undoubtedly,
provide some insight into the probl em and a possible measure of the relative
reliability of the recomended formulas and procedures. It is also envisioned
that such a test program VI~~1l enhance and contribute to the progress of the under-
lying theories and analytical procedures . At the same time , improvement of
existing empirical formulas and development of new ones may evolve from the existing
experimenta l data together with the developed results . The need for such a test
program has been pointed out in many references [46, 9, 14 , 50, 62], particularly
for biaxial loading conditions comb ined with  lateral  press ure.

The test program should be di rected mainly towards fulfilling two objectives :

(1) Ver ifying and calibrating *methods for predicting the non-linear
behavior of gross panel s and estimating the i r co l la pse k~ads
and mechan i sms . For the latter purpos e at least one gross
panel should be designed in each of the collapse modes discussed
earl ier. A d ir ect compa r i son can be then made between
experimental results and the recommended analytical expressions
and procedures as given under “A” a nd “B” of this section ,
and others if foun d su i table.

(2) Examining grillages of dimensions and stiffness characteristics
similar to those existing in ships , thus  test ing the l i kel i hood
of the di fferent failure modes and the corresponding ultimate
load carrying capacity in actual ship structures .

The above objectives can be accomplished through a two-phase test program .

Phase I

This phase should be concerned primarily with fulfilling the elements of
objective (1) above. Gross panel models of scale approximately 1/4 or 1/5 should
be suitable in this regard . The plate thickness should be of the order of 0.10 in.
to 0.20 in. Several stiffeners in each direction should be used and end—bays should
be reinforced to avoid premature failure in these regions. A high quality of
fabrication and manufacture with minimum welding distortions should be sought . The
initial deformations and distortions should be thoroughly measured and recorded
before testing, particularly the profile of the platin gs between stiffeners . The
materi al properties from which the gross panel models are manufactured should be
determined by compression as well as tensile tests. The load i ng conditions on
the models snould consist of:
*Anal ytical methods can be calibra ted using test results in order to develop sem i-
empirical formulatio ns.
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(i) Latera l pressure and uniaxial edge compresion .

(ii) Lateral pressure and biaxial edge compression .

(iii) Biaxial edge compression.

In the biaxial compression tests (ii) and (iii) the transverse edge compression
shou!d be of the order of magn i tude of 20% to 40% of the longitudinal edge
compression.

The model s should be loade d first elast i call y then into the elastic -plastic
region and finally to the plastic collapse. Measurements of deflections and
strains at selected locations in the plating between stiffeners and at the
stiffeners should be taken with the objective of verifying the recommended ana-
l yt ical expressions given un der “A” and “B ” an d others i f found su i ta b le .
Whenever poss ib le , the boundary con diti ons used in the derivation of the analytical
expressions should be adopted in the test program . Al ternatively, i f this
causes experimental difficulties , the anal yt i cal formulas should be reder ived to
correspond to the experimental boundary conditions of the gross panel . The behavior
of the gross panel is indeed sensitive to the boundary conditions and the relia-

V bi lity of the correlation depends to a large extent on achieving a one-to-one
correspondV nce in boundary conditions between the test and the analysis.

Several gross panel models should be designed and testea. At least one
should be designed to fail in each of the collapse modes discussed earlier. In
this regard the proportions of the latera l pressure to the edge compression should
be varied so that the distinction between lateral pressure collapse mechansims
and the ultimate compressive load mechanisms can be made and correlated with the

H corresponding analytical expressions . The stages of development of each
mec han i sm should be observed an d recorde d .

An important part in fulfilling this phase objective is the subsequent analy sis
H of the test data and correlation wi th the analytical expressions and procedures .

Cal i bration of such analytical expressions should be made whenever necessary wi th
an objective of developing semi-emperical formulas. The effect of a transverse
compress i on of the order of 20% to 40% of the l on gitudi nal com pression on the
behavior and ultimate strengths of the models should be investigated from the
result ing experimental data .

The initial experimental work sponsored by the Ship Structure Committee [49,
68] fits and contributes to this phase.

Phase II

This is envisioned as a long-term phase which involve s expensive experiments
on full— scale sh ip gross panels end is concerned mainly with satisfying objective
(2) stated above as a final goal . The details of this phase cannot be com pletely
outl ined without examining the results of Phase I , or , at leas t a considera ble
part of them . For example , whether or not a biaxial loading condition should be
incorporated in this phase testing program is dependent primarily on its effect
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on the gross panel behavior resulting from Phase I model experiments. However,
som e general need s which actually complement Phase I program can be Identified
at the present time . These are :

(i) Examination of the effect of the residual stresses and weld-
induced distortions and strains in actual full scale gross
panels. This will require measurements of residual stresses
in the stiffeners and the platings.

(ii) Identification of the likelihood of the different failure
modes and t he correspond ing ul timate loads of t he full
scale gross panels.

(iii) Further verification or modification of the analytical
or emperical expressions determi ned in Phase I.

It is envisioned that the extensive (but less expensive) test program of
Phase I wou ld reduce the necessar y tes ting i n Phas e II and the corresponding
cost to a reasonable limit.

_  - - 
•

V -V A-~~~ - - --• ---- -—- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~ V V VS V V~~~~~~~~ V V V ~~~~ ~~~~ V V



V - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.-, ~~~~~ ~~~~~~~ V! V 
V?~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - VV~~ ~~~~ --

— 47

5. GENERAL REMARKS

A. Based on the analyses of the possible failure modes and the diversity of
f a i l u r e  mechanism s it is clear tha t , at the present time , there exists no
general theory which allows for the prediction and identification of all
possibl e failure modes under different loading combinations and different
geometric characteristics of the plate-stiffener combination . Such
theory, if and w hen develo ped , would likely be too compl icated for
practical appl i cation and design work. Nor does there exist a reliable method
for estimating the gross panel collapse strength under biaxial and l ateral
load ing conditions when the collapse mechanism involves coupling between
several modes of failure. Some methods exist, however , which can be used
to estimate the buckling and ultimate collapse loads under some uncoupled
modes of failure as discussed in Section 4. In all cases, premature
failure of a local character such as weld and joint weakness is assumed
not to occur.

B. The ava i la b le methods for es tima ti ng gross panel strengt h do not allow
for cumulative damage by fatigue and brittle fracture. When conditions
are conduc ive to suc h kinds of fa il ur e se para te anal yses must be conduc ted .

C. Because of the l imi tations on the control of the properties of steel , and
the limitations on fabrication of ship components~ certain variabilitywill arise in the actual strength of apparently identical gi~~~~ panels.Uncertainties associated with the plate and stiffener rigidities and
dimensions, yield strength of the material , res id ua l stresses , plate
fairness, manufacturing imperfections , etc. will contribute to such
variability. This points toward the need for statistical data collection
(full scale and model) and probabilistic methods of analysis.

D. Existing experimental data on gross panel strength should be compiled ,
clrissified and stored in data banks as an important step in the
recomended test program. Such data should be analyzed and used in
conjunction wi th the new test data to verify the analytica l methods and
modify or develop semi -analytical or emperical formulations as discussed
in Section 4. Disseminati on of these data would also contribute to new
developments in theory.

E. In spite of the difficulties discussed above , the knowl edge of the
ultimate load carrying capacity of ship gross panels is important. As
indicated in reference [53]: “Its value lies not so much in the fact
that it might lead to economi es in structural weight and perhaps cost, —

but more in the realism that knowledge of the limitin g conditions ,
beyond which a structure will fall to perform its function , Is an essen tial
part of a rational design process.”
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APPEND IX II

CRITICAL BUCKLI NG LOADS AND THEIR APPL ICATI ON TO SHIP

GROSS PANELS UNDER BIAXIAL LOADING CONDITION

A simple procedure using the energy method can be used to determine the
buckl ing loads of an orthotropic plate compressed in two perpendicular directions.
If the work done by the compressive inplane loads is less than the strain energy
due to bending and twisting of the plate , then the init i~

1 equilibrium of the flat
plate is stable. If the work done by the inpl ane loads on the plate is greater
than the total strain energy , the equilibrium of the plate becomes unstable and
buckling will occur in some mode. The critical val ues of the load at which
transition occurs from the stable to the unstable condition can be thus determined
by equating the work done by the inplane loads to- the total strain energy. The work
done “I” by the external loads is given by:

T 
~ ~f .[Nx (

~
) + ~4y (

~~~~~~~~
) 1 dxdy (i)

where and Fi~, are inpiane compressive loads per unit length in the x- and y-direc-
tions , respectively.

The total strain energy U due to bendi ng and twisting of the plate is given
by:*

= I f D~ [ (-~4~
) 2 + Vy p~

. 

~~~~~ 3 + D~ ~~~ 
!~~~ . ~~~~~~ 3 +

+ 20
~y (

~~~~)2 - 2Dxvy (~
!
~
;)21dxdy (ii)

For a simply supported rectangular plate the deflection surface w can be
expressed by:

= E E amn sin !9~. ~~~~ (ill)
m=l n=l

~Not1ce that Dxvy = D~Vx
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Equating the total strain energy U to the work done T and substituting the
expression for w, the following expression results after carrying the required
differentiation and integration and utilizing the orthogonal-f ty properties of the
trignometric functions.

+ ~~ n2rr2 
- 

~ 
m4n4 

+ 2 m2iv2 ~2 2  
+ D n~i~X L2 ~

‘ B2 
- x L4 

Dxy L2 B2 y B4

L2B2
Multiplying both sides of the above equation by and using the

notation : IDxDy

L
4
/~j . - 

Dxy
- ____

* = 
ir2 /DxDy 

. * = 
ir2JDxDy 

Vx B2 ‘ y

one obta ins ,

~~
_
~m2 +~~~~ n2 = !!~.+~~ n m 2 n2 + p2 n4 ( i v )V Ny p2

Us ing the average cross sec t ional areas per unit width hx and h~ in the
x- and y-directions , respectively, we get:

!!!~.+ 2 n m 2 n2 + p2 n 4 (v)d y p2

where

~~ 
,T2JDxDy~~~~~~X 

hx B2 ‘ Y hy L2 h~
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= . =X hx ‘ y hy

Equation (V) is the same as equation (50).

APPLICATION

Example 1:

Consider a gross panel in the bottom structure of a 70,000 OWl tanker bounded
transversely and l~ngi~udlnally by the transverse and longitudinal bulkheads ,
respectively. Figure ‘6 shows the gross panel overall dimensions and typical cross
sections of the stiff _ne~ ~. The rigidity coefficients of the gross panel were
determined according tc - ~ference [2]. The following values were obtained [60].

Dx = 8.lO4XlO1° lb-in

V D~ = l.653Xl0’0 lb-in

98.75
= 44 33 = 1.5

= 0.617

If an LBP/20” wave is used , the resulting full load draft yields approximately 
V

a transverse load = 10,554 lb/in and a longitudinal hogging bending moment of
1 ,207,453 ft—ton. the latter value yields an inplane compressive l oad on the gross
panel N

)( 
= 34,070 lb/in. Thus, typically, the transverse inplane compression is

about 30% of the longitudinal compression.

= 
,i2I~.l04Xl- .653Xl&° 

= 1 .276X106 lb/inX (532)2

= 2.572Xl05 lb/i fl

= 0.041
y

.4
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From equation (IV), the smallest value of !~S occurs when m=2 and n=l .

= 3.56 thus , (Nx)cr = 2030 tons/ in

Example 2:

Consider next a section of the gross panel of the 70,000 DWT tanker between
transverse web frames. Figure 17 shows a typical section dimension and stiffener —

cross section. The following values were computed [60].

Dx = 4.044Xl08 lb-in

D~ = 9.272Xl06 lb-in

p = 0.173

n = 0.73

= 
m 2V4~O44X9~~72Xl0

7 
= 43,036 lb/in

= 8,541 lb/in

For a transverse inplane load ~ = 10,554 lb/in due to an “Lpp/20” wave draft , the
ratio:

= 
10,554 

= 0 245
43,036

From equation (IV) ~~ is minimum when m= l , n=l and is equal to the following .
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= 34.66

and

(N x )cr = 132 tons/in

Example 3: 
V

Consider next a section between two longitudinals and two web frames. The
resulting isotropi c plate has the following dimensions.

a = 118.5 in. ; b = 33.25 in.

and
r k3

D = 0 = D = ‘ “ = 9.272X106 lb. in.
X 12 (l—v 2)

— a — 118.5 —p - — 

33 25 
— 3.56

ii = 1.0

= IL~ . = 6,517 lb/in

= :._~~ = 82 ,773 lb /i n

thus ,

~~ 10,554 - 26,517 —

y

From equation (IV) the minimum critical load in the x-direction occurs when
m=3 , n—i and is equal to:

N

~~2L= 3.94
*‘lx

_

~

_V__

~

_V

~ 
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from which ,

= 145.6 tons/in

From the resul ts of Exampl es 1 , 2, and 3 it is seen that the lowest buckling
mode of the gross panel under biaxial l oading conditions is that of the panel
between web frames .
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ii
The existing methods of predicting the behavior and ultimate strength of ship

gross panels were evaluated , examined and in some instances , further developed.
The assumptions , approx imat ions , and deficiencies in each method were id ent i f i ed
with the objective of determining the range of validity of each. The methods were
classified in five broad categories with respect to their theoretical bases .
Comparisons and correlations were conducted between the results of the different
methods when applied to identical gross panels under biaxial edge compression and
lateral pressure. Based on the identification of the assumptions and approxima-
tions in each method , and on the conducted comparisons and correlations, some
expr essions and proced ures were selected , dis cu ssed , and extended . Lack of ade-
quate procedures in certain areas were pointed out particularly when the collapse load
a nd mechan i sms involve  coup l ing betwee n several mode s of f a i l ure , and a biaxial
l oadi ng condi t i on ex ists i n combi na t io n wit h l a te ra l  pres sure. In some i ns ta nces
no clear measure of the relative reliability of the different procedures can be
ascer tained and a f i rm ev id ence of the “exact” solution is not available. A two-
phase test program was recommended with immediate objectives and fina l goals
outlined. An extensive bibliography is appended to this reDort .
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