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FULLY-STRESSED DESIGN OF AIRFRAME REDUNDANT STRUCTURES

W. Dwyer¥*, J, Rosenbaum**, M, Shulman*, and H. Pardo*

Grumman Aircraft Engineering Corporation

This paper presents a description of two automated, fully stressed
design procedures for airframe redundant structures, together with
wing box beam examples. One ofthe methodsis a variation of the other;
both are based upon the displacement method and are essentially
digital computer adaptations of a traditional optimization technique,
By the simpler, ‘‘average stress!’ method, one analyzes a structure
which has been idealized as a system of discrete elements, and then
resizes the members of the structure based uponthe average stresses
occurring in each member, together with some failure criteria. It has
been found in applying this method to wings, that the final structure
resulting from many iterations sometimes exhibits discontinuities in
material distribution that are sufficiently severe to be unacceptable
to stress analysts for use in design, This effect is evident in the
accompanying examples, Even in such cases, however, useful results
for rough work such as in preliminary design may nevertheless be
obtained by cutting off the iteration procedure after approximately
three cycles, The alternative approach is based upon‘*nodal stresses’
in the manner of the force method, rather than average element
stresses, and converges to reasonably smooth material distributions,
It has the disadvantage, however, of requiring additional programming
for its implementation, and consequently thus far has been applied
only to wing type structures. Both procedures have been in use recently
at Grumman on various preliminary designs,
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SECTION I

DISCUSSION

BACKGROUND

The goal of the structural designer has always been an airframe structure which meets
all operational requirems=nts, and at the same time is of minimum weight, The process in-
volved in achieving this gosal is an iterative one, in which applied loads are first determined
for the critical conditions - maneuver, gust, landing, ete, - and the structure is then sized for
strength, based upon these loads, Withthis¢¢ first cut’’ at a structure in hand, one can estimate
flexibilities, and introduce their effects into revised load calculations, Perhaps even more im-
portant, in some cases at least, flutter calculations are now possible as well, The results of
these investigations will almost certainly require a modification of the original structure, and

thus an iterative procedure is involved.

One of the key steps in this procedure is the optimization of the major structural com-
ponents for strength, based upon the loads calculated during a given cyecle, This can be done in
a traditional way, leading to what is generally known as a ‘‘fully stressed” design. By this
we mean an idealized structure for which the stresses in all the elements are at prescribed
maximum limits under at least one loading condition, or are at minimum areas, gages, etc.,
as dictated by various other practical considerations. Engineers have long believed that such

a structure will very likely also be of minimum weight,

It is acknowledged that a fully stressed design may not always be the lightest possible
structure satisfying these strength and minimum gage constraints (Reference 1). Much work
is currently being done in this area using true optimization procedures, i.e., those which
focus directly upon the weight of the structure, and attempt to minimize it, subject fo the
aforementioned constraints, Currently, the more promising approaches for doing this include
the penalty function and the gradient search techniques (References 2 to 4), To date, however,
those fully stressed designs which have been shown to be non-optimum have fallen into a very
restricted class, and even for this group they have been fairly close to optimum, In view of
the much greater computer time required for the penalty function and the gradient search
techniques, the fully stressed design approach is considered to be an acceptable practical

compromise for the present,
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In the case where a wing or empennage proves to be critical for flutter, rather than
strength, the fully stressed design approach, of course, is not directly applicable, Under
these conditions one must fall back upon traditional cut and try techniques, which may consist
of judiciously increasing certain of the minimum skin gages permitted in a fully stressed
design, and going through the entire analysis cycle to determine the effect upon the flutter
speed. There has been at least one pioneering attempt at introducing true optimization tech-
niques into the problem ofdesigning airframe structures that are critical for flutter (Reference
5), but to date, it must be considered beyond the state of the art from an engineering point of

view,

THE AVERAGE STRESS METHOD

Up to the present, most of the work reported in the literature on structural optimization
has been focused primarily upontruss type structures, rather than the stressed skin ones which
are of primary concerninaerospace applications, This would seem to be a logical progression;

aerospace structures have additional complicating features that are not present in trusses,

The conventional way to apply the direct stiffness method to wing and fuselage type
structures is to idealize them of uniform stress triangles, connected only at their vertices.

Other structural elements may he present as well, such as bars and beams,

The most ohvious way to attempt to fully stress such structures is to apply to them, with
a minimum of change, the methods previously developed for trusses, Thus, one would calculate
the principal stresses for each triangle independently, or perhaps the corresponding effective
stress, and then resize each triangle based uponthis average stress state, together with some
failure criteria. Other kinds of elements would be handled similarly, The resized structure
would then be reanalyzed. The analysis and redesign procedure would be automatically repeated
until the process converged to a design in which every element is either stressed to its
maximum for the given failure criteria under at least one load condition, or is at some pre-

scribed minimum size,

Unfortunately, independently of any optimization that may be attempted, a basic feature
of the stress distributions that frequently result for such idealized structures is large and
erratic discontinuity between stresses in adjacent triangles, Other kinds of members, if
present, further complicate the picture, In essence, this means then that one has differently
stressed members in parallel between the same nodes, Thig ig in marked contrast to the

situation for trusses, where one has single members only between adjacent nodes,
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The result of this complication is disastrous when cne attempts to optimize an aerospace
structure in the manner indicated, Inevitably, the higher stressed members pick up additional
load, i.e., become heavier, while the adjacent lower stressed ones in parallel are driven to
their minimum sizes. The resulting discontinuities in skin gages, ete., are completely un-

realistic, and the whole analysis is discredited in the eyes of the structures engineer,

Turner and his associates (References 6) have pointed out that one can eliminate a large
part of the discontinuities in stress between adjacent triangles by combining the triangles in
groups of four to form quadrilaterals, Average siresses are then calculated for each quad-
rilateral, which is henceforth considered to be a new, uniform thickness, structural element.
In the case of rectangles, the average stressescalculated are identical to those obtained from
a consideration of the node forces at the center of the rectangle, For non-rectangular combina-
tions, this is no longer exactly sc, hut the average values are still a good indication of the
average stress state within the element, Grumman has made extensive use of this element

in applying the direct stiffness method to aircraft stress analysis,

When optimization of a wing structure is attempted using quadrilaterals rather than
triangles, the results are somewhat more gratifying. It is true that, basically, one still has
elements in parallel between the same nodes, but because the stresses vary much more
smoothly, it takes more iterative cycles to develop severe discontinuities in material
distribution, Fortunately, it has heen observed that, usingihe fully stressed design procedure,
the structural weight usually converges very rapidly to a nearly constant value, Thus, for
certain practical purposes, such as in preliminary design, it has heen found that two or three
cycles of this form of the fully stressed design procedure give results that can be quite useful,
There may be a number of elements present in the structure at this stage with sizeable negative

margins, however,

THE NODAL STRESS METHOD

For wing final detail stress analysis purposes, as contrasted with optimization, structures
engineers at Grumman (and presumably elsewhere as well) are not satisfied with using average
stresses occurring somewhere in the interior of either triangular or quadrilateral structural
elements, Instead, one must be concerned with maximum wing cover stresses as they exist at
the intersections of spars and ribs, and at other discontinuities. For this purpose, one pre-
fers analysis results in the form of the older force method idealization, i,e., bars with

axial load varying along the length, and shear panels subjected to shear flows only,
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In order to satisfy this need, current practice at Grumman is to analyze a wing by the
stiffness method, using quadrilaterals wherever possible, and then to manipulate the re-
sulting nodal forces into force method form, i.e., bar end loads and panel shear flows, These,
in turn, are converted into stresses at the node points in the manner traditionally used for

the force method,

Thus when the cover panels are rectangular, or nearly so, the direct stresses at the
nodes are obtained by dividing the bar end loads by the appropriate cross-sectional areas,
The shear stresses are the panel shear flows divided by the panel thicknesses. Handled in
this way, the direct stresses at a spar-rib intersection are now continuous, while the shear

flows vary in a finite manner as required by equilibrium of the bars,

When the spars and ribs are decidedly non-orthogonal, the situation is more complex,
but the same basic trend toward continuity of stresses is still present,

Turner, et al (Reference 6) have described a slightly different procedure for determining
stresses at the node point, Italsois based upon use of the nodal forces, but treats shears from
the spar and rib webs as concentrated forces rather than as shear flows. Thus discontinuities
still exist in the direct stresses at the nodes, These are eliminated by averaging,

The question naturally arises, why not base the optim‘zation procedure upon the previously
described nodal stresses, rather than upon average values calculated for individual elements,
considered independently of one another? Would this not tend to reduce the tendency to un-
realistic discontinuities in material distributions? The essential details of how such a pro-
cedure might be applied are given next,

We assume that the wing to be optimized can be idealized primarily of quadrilateral
membrane elements of the type described previously, Spar and rib caps are minimal, and
their cross sectional areas are to be held effectively constant, However, see Appendix III for
the case where a significant portion of the spanwise loading is carried in the spar caps and/or

in other spanwise stiffening material.

After a displacement type redundant analysis of the idealized structure is carried out,
corner forces from adjacent panels (and end loads from bars, if present) are transformed into
force method form, that is, bar end loads and panel shear flows, This transformation is
described briefly in Appendix I,
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Using these loads, P/A type stresses are calculafed in the bars at every node, Also,
corresponding to each end of each of the bars, a single equivalent skin gage is calculated,
For example, in a spar immediately outboard of a given node, this thickness is based upon
appropriate contributions from the skins on both sides of the given spar, A corresponding
equivalent skin gage is obtained in the spar direction immediately inboard of the node, and
similar equivalent skin gages are obtained in the rib direction immediately forward of, and
immediately aft of, the given node. Stress resultants may now be calculated; they are products

of the P/A type stresses and the corresponding equivalent skin gages,

If the spars and ribs are approximately orthogonal, these stress resulfants, plus the
shear flows in the individual panels, are sufficient to determine a revised skin gage at each
corner of every panel. Of course a suitable design criterion is needed, as well. On the other
hand, if the sweep effects are substantial, an orthogonal set of stress resultants along the
normal to the spar direction must first be obtained, in the manner of Appendix II. In either
event, the resulting corner thicknesses are averaged for each panel, and the average thick-

nesses are used thereafter in the next displacement analysis cycle,

It can be seen from the preceding that the average stress and the nodal stress methods
differ only in the manner in which the results of the displacement analysis are used to calculate
local stresses, and from them, revised skin gages for the next round of analysis. However,
this is apparently asignificant difference. As was mentioned before, the average stress method
recognizes the existence, in the displacement method idealization, of members in parallel
between adjacent nodes. Because of the essentially discontinuous nature of the finite element
approach, these members in parallel can operate at different stress levels. The optimization
procedure, if carried out for a sufficient number of cycles, will tend to increase the thickness
of the higher stressed member of such a pair, and drive the adjacent lower stressed one toward
its minimum gage. The nodal stress method, on the other hand, tends to better equalize the
stresses in members in parallel for the purpose of calculating new thicknesses, and thereby
minimizes this difficulty.
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SECTION II

SIMPLIFIED EXAMPLE STRUCTURE

The first structure chosen for comparing the predictions of the two methods is illustrated
in the accompanying sketches, Figures 1 and 2, As can be seen, it is a simplified three spar,
five bay, swept box beam, subjected to the three load conditions shown, For simplicity,
no cap strip material is provided, In an actual structure with appreciable beam caps and/or

stiffeners, this material can be handled as described in Appendix C,

In order to isolate the essential differences between the two methods, the failure criteria
employed has been artificially simplified over what would actually be needed in practice. Thus,
we do not distinguish between tensile and compressive loading, and failure is assumed to take

place when the Henky-Von Mises effective stress o

r, reaches 60,000 psi, where

N

2 2 2 2
o, - (o*x o 0 +a +3rxy)

For each of the two fully stressed designs, the skin thicknesses were initially set at a
uniform 0,16 in, Twenty redesign cycles were runin each case, The resulting cover gages are

plotted on the accompanying graphs, Figure 3,

An examination of the curves reveals that the nodal stress results appear to have con-
verged completely after about ten cycles, whereas the average stress values are still changing
slightly after twenty., Also, the nodal stress thicknesses after twenty cycles appear to be
considerably more smoothly distributed and acceptable for design than those based upon
average stresses, This latter conclusionis reinforced by the cross-plotted results of Figure 4,
Notice, however, that the thicknesses at the end of these ¢ycles are fairly close to one another
for the two methods, Thus for certainpurposes, such as in rough preliminary design work, the
three cycle, average stress results might be quite useful,

The weights of the two structures change very little after the initial resizing, as indicated

in the following table,

Nodal Stress Average Stress
Start 179.5 1b. 179.5 1b.
1 cycle 119.9 118.9
3 cycles 119.5 118,5
20 cycles 119.2 119
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However, the margins of safety are surprisingly different from zero during the early iterations.
This can be seen from the curves of Figure 3 and the fact that, as a guide at least, the margin
for a given panel after the nth iteration is related to the panel thicknesses tn and tn+1 by the
expression:

e~ Tat
t

M. S =
n

Thus, large positive slopes are indicative of large negative margins,

SECTION III

EA-6B WING

The Grumman EA-6B is a new, four-place electronic countermeasure version of the
two-place A-6A Intruder, the latter being a United States Navy carrier based attack aircraft
which has seen extensive action in Vietnam. The timing of the design of the EA-6B wing was
such that it was carried out simultaneously with the development of the previously discussed
fully stressed design programs; hence, these programs were used only in an exploratory
manner on this project, The results obtained are nevertheless of some interest and will be

présented in this section,

The overall wing planform geometry is shown in Figure 5, As can be seen, the main
structural box beam is of two-spar construction, inboard of the ¢‘turning rib’’, and multi-spar
construction outboard of this point, The wing has a fold joint at approximately mid span, The
covers are machined from aluminum alloy plate material, and have three different types of
stiffening between spars, depending upon the distance from the airplane symmetry plane,

The wing cross section is unsymmetrical, with the lower cover less cambered than the upper,

The idealized plan form geometry is shownin Figure 6, The spar and rib webs, which are
not shown, are quadrilaterals which can take shear only. In the fully stressed design analyses
that have been run, no bars simulating cap strips or stiffeners are employed. Instead, all
of the bending material in the covers is concentrated in isotropic membrane elements, The

fold joint region is an exception, It is rather complex, and no attempt is made to optimize it
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by means of the computer program,. In this area, bars as well as triangles and quadrilaterals
are used, and their areas and thicknesses are held fixed, in order to maintain the desired

distribution of flexibilities between the various hinges,

In Figure 6, the idealized structure outboard of the fold joint shows an extended leading
edge which does not appear in Figure 5, The latter represents the wing as it is currently
being built. The extended leading edge has been included in the analysis in order to evaluate
a proposed change,

There are 17 design conditions considered in the runs, of which only three affect any
appreciable portion of the structure. These are all symmetrical flight conditions: (I) positive
high angle of attack, (XI) positive low angle of attack with wing tip speed brakes extended, and
(XII) positive low angle of attack with low drag,

Once again, in order to isolate the differences between the two methods most effectively,
the Henky-Von Mises yield criterion has been used for both the upper and lower covers, with
an allowable value of 66,000 psi, The vertical shear panels in the spar and rib webs are sized
according to their average shear stresses and areheld to 39,000 psi. In all cases, the minimum

gage is set at 0,065 in,

The two types of programs, average stress and nodal stress, have been run for 14 cycles,
with all gages set initially at one inch, The results for the first and the fourteenth redesigns
are shown inboard of the fold rib in Figure 7, A study of the numbers presented there in-
dicates that the initially resized gages are very similar except at the leading edge, where the
minimum gage requirement makes the nodal stress results considerably higher, because in this
case it is applied at each corner separately. These gages then increase or decrease reasonahly
smoothly to the final values,

It can be seenthatthe final values obtained by the two methods are not strikingly different,
in contrast to the case of the simplified example structure, Results are also shown plotted in
Figure 8 for a fairly typical cross section, that immediately outboard of the turning rib. By
both methods the load intensity obviously builds upin the reentrant corner region, as expected,
The nodal stress results appear 1o be smoother than the average stress ones, especially in

the upper cover,

The wing weights by the two methods are within 1% of each other at the initial resizing,
and come even closer together for subsequent iterations, In both cases the weights reduce by

less than 2% from the first to the fourteenth cycle.
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SECTION IV

CONCLUDING COMMENTS

In addition to the two examples discussed herein, Grumman has applied the average stress
method to a number of other airframe structures. In some cases the material distributions
appeared reasonable; in others they were very erratic, and infact led to the development of the
nodal stress method, Practice at Grumman henceforth will undoubtedly be to use the nodal

stress method wherever the structural idealization permits it,

In addition to the Henky-Von Mises and the maximum shear criteria which were employed
in the examples given, the programs provide for reduced tensile allowables, which can be
made applicable for those design conditions for which fatigue is important, The programs also
provide for compressive allowables which vary with compressive and shear load intensity,

and thus, where applicable, one can use an optimum design curve such as provided in
Reference 7,

Finally, one might recall that in some cases, truly optimized airframe structures are
identical with the fully stressed design results, In such cases at least, if one uses an average
stress approach, these theoretically correct methods should be expected to give material

distributions that are sometimes quite erratic and unsuited for use in design,
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APPENDIX 1

CONVERSION OF DISPLACEMENT ANALYSIS RESULTS
INTO FORCE METHOD FORM

For the purpose of a displacement method redundant analysis, many airframe structures
can be idealized as consisting primarily of quadrilateral membrane elements and bars. A
portion of a wing structure treated in this way is displayed in Figure 9, As shown there, the
quadrilaterals are loaded by corner forces acting along the edges, while the bars are loaded
axially,

The equivalent force method idealization for the same structure is shown in Figure 10,
There, all of the direct load is carried by bars located along the intersections of the panels,
while the panels themselves are loaded only by edge shears,

The transformation from displacement method member loads to force method member
loads is very simple. For example, in Figure A-1, the four forces at node one, acting along
the line between nodes one and two, are added together to form the bar end load qq which is
shown in Figure 10, Similarly, the shear flow g of Figure A-2 is obtained from the two corner
forces acting in the same direction on the corresponding panel of Figure 9, One simply takes
their difference and divides by the length of the side.
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Figure 10, Alternate Force Method of Presenting Results of Displacement Method
Analysis, Obtained by Transforming Nodal Forces Into Bar End Loads
and Panel Shear Flows,
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APPENDIX II

CONVERSION OF FORCE METHOD SWEPT WING
MEMBER LOADS INTC STRESSES

—
9 (av. value, 1b/in) q

By the force method, the stresses in a wing cover adjacent to a spar and rib intersection
are approximated by superposition of the three stress fields g, O and Trgr The orienta-

tions of these stresses for an irregular swept panel are shown in the accompanying sketch,
Their magnitudes at a corner are assumed to be related to the corresponding member loads
by the following:

G = /A,
oy = aq /A, ()
T, = 4, /1t or 9. /1, whichever is kirger,

179



AFFDL-TR-68-150

Ag is the equavalent spar area measured normal to the spar axis, and includes appropriate
contributions from the adjacent skins as well as the actual cap strip and stiffener material,

AL is the analogous equivalent rib area, while ‘‘t’* ig the skin gage,

The stresses resulting from the superposition of o Ty and T.g C80 be obtained

by equilibrium calculations and are:

2 2 cosQ, CcOsUg
o, cos czs+o-r cos- @, - 2T

r rs sin B
sin {a, —ag )
s sin 3

o, can be obtained fromthe formula for T, by increasing o and decreasing a, by

%o

(2)

-
n

in _ .
o, si as cos as g, sin ar €os ar +'rr

90 degrees,

It can be seen from these expressions thatif apanel is essentially rectangular, the stresses
along and normal to the spar are given directly by Equation 1,
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APPENDIX III

TREATMENT OF SPAR CAP AND STIFFENER MATERIAL

In optimizing a practical wing structure, one would like to be able to treat spar cap and
stiffener material as bars which are fully stressed independently of the cover material, This
proves to be difficult, because the idealized bars are then acting in parallel with the covers,
and the same basic problem that was discussed for the average stress method occurs here
also, In brief, the bars either take a disproportionately large or small share of the load,
depending upon whether they or the adjacent covers happen to be initially acting at the higher
stress.

In reality, away from concentrated loads in a thick skinned wing, the spar caps may well
serve only one purpose -- to transfer shear from the spar webs to the covers. In this event,
one would wish to hold the cap area at some minimum value consistant with this requirement,
Integral stiffeners, on the other hand, are usually optimum when their areas are a fixed ratio
of the skin cross-sectional area, Catchpole (Reference 7), for example, gives this ratio as
1.46 to one in the case of compression panels with uniformly spaced integral stiffeners of

rectangular cross section,

One method for handling this situation is tc fix the spar areas at their desired values,
As forthe stiffeners, the neatest way tohandle them would be to use orthotropic plate elements,
Thus, one would select a set of characteristics representing the shear and transverse
extensional behavior of the base skin, and longitudinal extensional behavior representing base
skin plus a fixed percentage of stiffener material. In effect one would then be ¢ smearing’’ out

the stiffener material into an orthotropic plate,

A less elegant way to achieve the same objective would be to make several homogeneous
plate, fully stressed design runs in succession, The first run could be made without any bar
material; accordingly, the covers would be sized to carry all of the spanwise bending load,
The idealized structure covers would, however, be too stiff in shear and in transverse load

carrying capacity,
One could now, by hand, subtract out of the plate material the fractiondeemed to be optimum

for stiffening, This could be entered as fixed bar areas, as discussed previously,

The fully stressed design procedure is now carried out again, If the ratio of cover skin
area to lumped stiffener area remains sufficiently closeto optimum, the work is done, Other-

wise, a correction to the bar areas and ancther fully stressed design run may be necessary,
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