__UNCLASSIFIED

a0 288 576

Reproduced
by the
ARMED SERVICES TECHNICAL INFORMATION AGENCY

ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

"UNCLASSIFIED




NOTICE: When govermment or other drawings, specl-
fications or other data are used for any purpose
other than in connection with a definitely related
govermment procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govermn-
ment may have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




Asgoba-ez-763
e

8-__...

THE MINIMUM WEIGHT DESIGN OF STRUCTURES
OPERATING IN AN AEROSPACE ENVIRONMENT

TECHNICAL DOCUMENTARY REPORT NO. ASD-TDR-62-763

October 1962

AS AD No..

i STIA

| w7 R
| U+ av 9l 30 1
i

gy

- -
b
A
(=
==

288 5-’§ carauocep BY ASTIA

Flight Dynamics Laboratory

Aeronautical Systems Division

Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Project No, 1467, Task No. 146701

(Prepared under Contract No. AF33(657)-7872 by Republic Aviation Corporation,
Farmingdale, L.1., N, Y. Author: H. Switzky.) '




NOTICES

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procurement
operation, the United States Government thereby incurs no responsibility nor any
obligation whatsoever; and the fact that the Government may have formulated, fur-
nished, or in any way supplied the said drawings, specifications, or other data, is
not to be regarded by implication or otherwise as in any manner licensing the holder,
or any other person or corporation, or conveying any rights or permission to manu-
facture, use, or sell any patented invention that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Armed
Services Technical Information Agency (ASTIA), Arlington Hall Station, Arlington
12, Virginia, ‘

Copies of this report should not be returned to the Aeronautical Systems

Division unless return is required by security considerations, contractual obliga-
tions, or notice on a specific document.

TN




FOREWORD

This report was prepared by Mr. H. Switzky of the Structures Department,
Applied Research and Development, Republic Av.at'on Corporation, Farmingdale,
New York, under Contract No. AF 33(657)-7872.

The contract was sponsored by the Flight Dynamics Laboratory under Tech-
nical Area 750A, '"Mechanics of Flight.' It was initiated under Project 1367,
"Structural Design Criteria' and was completed under Project 1467, ""Structural
Analysis Methods, " Task 146701, "Stress-Strain Analysis for Structures Exposed
to Creep Environment."

The work was administered under the direction of the Structures Branch by
Mr. J.R. Johnson, Project Engincer. He was assisted by Mr. W. L. Fourney. The
time period covered by the contract was January 15, 1562 to November 15, 1962,

The author wishes to acknowledge the efforts of Mr. A. Hamilton for his
assistance in obtaining typical aerospace environmental conditions for the design ex-
amples, Mr. E. Reitz and Mr. N. Kozyreff for th.ir assistance in the calculations
and plotting of the data, and Mr. S. Serben and Miss L. Callejo for the necessary
digital programming. The author also wishes to acknowledge the engineering and
administration assistance secured from Dr. R, Levy, Mr. C. Rosenkranz, and
Mr. A. Alberi.

This report was issued by Republic Aviation Corporaticn as Report RAC
442-1 (ARD-823-2).




e i

PR —pricrpm

v memng

ABSTRACT

A nondimensional design technique is developed to obtain the minimum
weight cf structural components (columns, plates, and beams) subjected to an
aerospace environment. Design curves are developed and presented for vari-
ous structural configurations in terms of the applied loads and geometric and
material parameters which can be readily evaluated. The design technique can
be employed to obtain, in a relatively simple and rapid manner, preliminary
estimates of the structural design weight as well as a good approximation to
the final design. The design procedure for minimum weight is illustrated for
a truss-like spar and a wing section which are typical of aerospace structures.
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SECTION I - INTRODUCTION AND SUMMARY

The prime objective of a structural designer is to distribute structural
material in such a manner that it can satisfactorily perform its assigned tasks for
the life of the vehicle with minimum weight and reasonable cost. His job has be-
come more complex as the high performance characteristics required for aerospace
vehicles have exposed the structures to loads at high temperatures for extended
periods of time.

At the inception of the design, the designer must make preliminary esti-
mates of the structural design of the vehicle in order to estimate its weight and its
effect upon the performance. Methods of estimating the minimum weight must be
employed before the design is finalized. The designer must use his ingenuity and
imagination to supplement the present state of the art in order to obtain preliminary
designs of "optimum" structure for the contemplated load and environment history.
This must be done in a relatively rapid and simple manner, considering all logical
types of constructions and configurations.

The design of a minimum weight structure is more complicated than its
analysis. An analysis of the strength of a structure can be readily performed when
given the applicable equations, the geometry, and the material properties. Given,
however, the applied loads and material, it is a much more difficult task to deter-
mine a structure which would withstand the applied load and be of minimum weight.

A nondimensional approach has been employed in this report in order to
make the design techniques applicable to the infinite possible variations in the ma-
terial properties and geometric configurations. The various possible environments
and load histories make it mandatory to consider all materials with modifications
due to the effects of temperature, time, and load since each environment is equiva-
lent to creating a different stress-strain relationship. The choice of the geometric
configuration (area distribution) is also arbitrary and is usually determined by the
designer after considering the applied loads and temperatures and the available
materials. In addition, many analyses are encumbered with empirical constants
which may change with the material, temperatures, etc. These considerations
would make it impractical to develop design curves or to obtain adequate experi-
mental data for each possible combination of environment, material, and geometry.
The nondimensional technique presented in this report permits the designer to
readily evaluate the effects of various modifications upon the minimum weight de-
sign. Such modifications as different materials, different environments, load mag-
nitudes, changing empirical analysis constants or edge fixities can be considered
utilizing the same design graph. Design graphs will usually be required for each
type of construction.

Manuscript released by the author July 1962 for publication as an ASD Technical
Documentary Report.
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Nondimensional equations and graphs are developed to obtain the weight and
cross-sectional description of minimum weight structures for a given load-tempera-
ture history. The solutions are expressed in terms of geometric and material para-
meters which are readily determined from the known boundary conditions, type of
construction, and the stress-strain curve of the material after the contemplated ex-
posure. Various criteria of structural adequacy or material behavior can be em-
ployed to supplement the design procedure by modifying allowables or material para-
meters.

The design procedure for minimum weight is illustrated for a truss-like
spar and a wing section such as may be employed in an aerospace vehicle. The
tension members are designed by an allowable stress which can be determined from
such criteria as the short time static strength or the maximum creep strain, The
design of compression members must also consider optimum distribution of ma-
terials for stability. The unspecified dimensions of a cross section of a compression
member are determined by solving a set of equations defining the load, the stability,
and the minimum weight in terms of these dimensions.

A compression structure can be visualized as a set of deformation springs
in parallel and series. The springs are in parallel if they have the same deforma-
tion pattern (e.g., bending and transverse shear). The springs are in series if the
deformation pattern can occur independently of each other (e.g., bending and local
"wrinkling'"). If the springs are in series then the structure becomes unstable when
the applied load becomes equal to the critical load for the weakest spring. This
critical load can be increased by a redistribution of the area of the cross section
8o as to increase the stiffness of the weakest spring. This is usually done at the
expense of reducing the critical loads of the stiffer springs. The optimum distribu-
tion of the area of the cross section occurs when the weakest springs are made
equally stiff by a judicious selection of the unspecified dimensions. This technique
is sometimes described as the "one horse shay" approach.

Various types of structures designed to withstand compression, shear,
or bending loads are considered. Columns with various types of cross sections
(I-beam, channel, tee, angle, rectangular and circular tubes) are investigated in
detail, although the technique is applicable to many more cross sections. Design
considerations for plate constructions such as solid plate, corrugations, stiffened
plate, and honeycomb sandwich are also analyzed. Bending of corrugation plate and
beams is also investigated. In addition, the effects of combined loadings upon the
design are reviewed.

This report is intended to provide a procedure for the preliminary design
and weight estimation for a minimum weight structure. The final weight will include
construction details and design modifications for additional problems which are not
considered here. It is considered beyond the scope of this report to take into account
the effects of fatigue and thermal stresses upon the minimum weight design. The
failure of the structure due to fatigue or thermal stresses is not sufficiently defined
for design purposes. In addition, the thermal stresses cannot be defined until the

detail design is fixed.

ASD-TDR-62-763 2




SECTION II - ANALYTICAL STUDIES

A, TECHNIQUES

The procedure to obtain a minimum weight design is fairly straightforward.
There exist a number of equations which must be satisfied by the geometry. In
addition, there are subsidiary conditions which indicate the distribution of the
cross-sectional area required to minimize the weight. The design technique for
structures in compression or shear is described below for columns in compression
in order to aid in the visualization of the procedure. This technique is equally
applicable to plates and tubes in compression or shear. The design technique
for structures in bending is only slightly different and is best described in Part E
of this section (Bending Members).

1. APPROACH

The selection of a type of construction results in a number of unknown
dimensions of the structural cross section that must be specified by the designer.
As an example, the diameter (d) and wall thickness (t) of a minimum weight cy-
lindrical column of a prescribed length (b) and end fixity (Cc) must be determined.

The determination of these unknown dimensions requires the solution
of an equal number of equations defining the geometry. These equations can be
characterized in the following manner.

a, ILoad Equation (P= g A)

The applied load is equal to the product of the allowable stress
and the area of the cross section. This basic equation is employed in designing all
types of minimum weight cross sections and is sufficient to determine the cross
section with one unknown dimension (e. g., solid plate, solid circular tube). The
buckling stress is employed as the allowable compressive stress since buckling and
failure usually occur simultaneously in a minimum weight structure.

b. Stability Equation

The local stability stress of the cross section is made equal to the
over-all stability stress of the structure. This is the ""one horse shay' design
philosophy described previously. Increasing the diameter of a circular tube, while
maintaining a constant cross-sectional area, increases the column stability by in-
creasing the inertia but reduces the local (wrinkling) stability by reducing the''t/d" ratio.
The minimum weight design occurs when the ratio of diameter to column length
"d/b" is a prescribed proportion of the thickness to diameter ratio "'t/d". This
relationship and the applied load equation are sufficient to determine cross sections
with two unknowns. The value of the ""t/d" ratio in terms of the '"d/b' ratio is
substituted into the load equation to obtain the load as a function of the ""d/b" ratio.
Cross sections of more than two unknown dimensions are designed in a similar
manner by employing subsidiary conditions ¢. and d. described below, to represent
the area and inertia of the cross section in terms of two characteristic dimensions.

ASD-TDR-62-763 3




c. Maximum Over-all Stability

The relative distribution of the area in the flanges and webs of
the cross section can be specified by considering the modes of over-all failure. If
the column can only buckle about one axis because of boundary restraints (e.g.,
skins, webs, etc.), the minimum weight is assumed to be obtained when the inertia
of the cross section about this axis is maximum, subject to the constraint thatthe area
and the thickness ratios are stationary. If, however, over-all buckling is possible
about both bending axes, then the equality of the buckling stabilities about each axis
can be employed. This would require that the inertias about each axis be propor-
tional to the end fixities associated with the buckling about that axis. Equations of
these types can be employed to determine the ratio of areas (zz=wh/dt) of the cross-
sectional elements. Cross sections of three unknowns (d, t, w), as exemplified by
bent-up sheets where the ratio of the thicknesses (h/t) is known, can be designed with
the above equations. Caution, however, must be exercised, for cross sections in
which the ratio of the thicknesses is specified, to select the proper characteristic
dimensions of the cross section. The characteristic dimensions must belong to the
least stable of the elements of the cross section, This would ensure that the failing
stress would occur when the maximum over-all stability would equal the lowest of
the local stability stresses. For most cases investigated (summarized in Table 1)
the "t" and "d" of the web are the characteristic dimensions of the cross section,
since it satisfies the following inequality.

2 1/2
(h/t) (Ch/ C) >

d. Maximum Local Stability

When the cross section is defined by four or more unknown
dimensions, then the equality of the local stability of each of the elements of the
cross section must be employed. In addition, symmetry conditions which will max-
imize the inertia and equalize local stabilities are utilized.

Equations of the types described above are employed to obtain
a relationship between the applied load and a characteristic dimension. The solu-
tion of this relationship for the geometry of the minimum weight structure would be
quite simple if the material were linear. Unfortunately, the minimum weight design
almost always occurs at stress levels which are beyond the proportional limit of the
material and thus a direct closed form solution is not possible.

An inverse solution is employed in which a nondimensional load
index (P and a nondimensional stability index (§) are equated to functions of the stress ratio
_ a, Cc /C EA3/ 2
(o/ cro). The load index (e.g., P =(P)( b 2) ( 5/2
¢
expressed in terms of the applied load (P), the known boundary conditions (C C +)
and geometry (b, a 1,03), and the material constants (E A S ) The stabnhty mdex

E 2 :
(e.g., Ep = Ct b (t—d) for a web) is expressed in terms of the material constants,
%
the known boundary conditions, and the unknown dimensions of the cross section.
The procedure is to assume a stress ratio, compute the stability and load indices for
a given type of construction which correspond to the minimum weight design, and to

)for a flanged column) is

ASD-TDR-62-763 4
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TABLE 1 - GEOMETRIC FACTORS FOR COLUMNS

z a as Thick.
Section Defining Ratio
Condition 3 3 )
wh/dt | A/dt  A/wt | 1/d°t I/w't h/t
I-Beam 1+4z 4+1/z|.083+z 1.333 h/t
Y Max I .083| 1.333 - .167 - -
XX
FE—‘;‘_ = =1, ® |2.370 10,480 - |2.450 . -
‘____} z 470 - e.124| - . 667 .500
tn 1, =41 @ | 6a3| 3.584 - | .729 - -
Y yy .250 | - 8.000| - . 667 .500
1
Channel 142z 2+41/z| .083+. 5z .ets'z-m_1 -
W.
t_j Max I .167 | 1.333 - .167 - -
T -
d L @ | 7090 1680 - [4.033 - -
yy 1.366 | - 2.732| - .301 1.000
L h
*F— =1 @172 | 44e - | s - -
yy .639 | - 3.565| - .386 1.000
Tee 1422 241/z|.333-:2> 667 h/t
ECCTa et AZN 1427 28l /L
}i— . Max I 063 | 1.125 - |.111 - -
T XX 5
h L= yy(3) .570 | 2.140 - |.216 - -
W .553 | - 3.81 - .333 .500
1 =41 @1 250 | 1.500 - |.167 - -
yy .356 | - 4.81 - .333 .500

(1) Unspecified h/t is defined by —tll- = (z) 1/2 (Ct/ch)1/4

Specified h/t is defined by sheet metal construction
(2) X-axis and Y-axis are horizontal and vertical references axes, respectively,
for all sections

o
(3) C_CL =1 (Eq. 13¢)

CcX

C
(4) —CEL = 4 (Eq. 13c)

cX

ASD-TDR-62-763




TABLE 1 - GEOMETRIC FACTORS FOR COLUMNS (Cont'd)

Thick.
Section Defining z a, ag Ratio
Condition 3 3 i)
wh/dt | A/dt A/wt | I/d"t I/w't h/t
Angle ©) 14z 1+1/2 .333-'1-%-:-
Y Al
t
Tt Max I_ a2501.125 - | .n - 354
X I {
h
L-i-w An angle free to bend about any axis wouid not buckle about
X or y axes.
Square Tube 2427 .167+.5z
b d—f Max I .167 | 2.333 - |.250 = . 409
N
all i =1 @ |1.000]4.00 - [.e67 - 1. 000
‘ XX yy
C¢ = Ch 1 =41 W 090|280 - |.212 - . 300
XX yy
Circular Tube - - |3.142 = . 393 - -
A,

(1) Specified h/t is defined by —t‘l= z)}/2 (c/ ch)l/ J

(2) X-axis and Y-axis are horizontal and vertical references axes, respectively,
for all sections

o
3) C—°-‘L=1 (Eq. 13c)
cX

C
) —CQY- = 4 (Eq. 13c)
cX

(5) Angle assumed to bend about x axis only

ASD-TDR-62-763 6
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plot these relationships. The design can then be determined by reversing the
process. For a given type of construction, load, and material, a load index
can be computed. The stress ratio can then be obtained from the P vs, cr/cro

plot and the detail design and minimum weight can then be determined with this
stress ratio. The use of these nondimensional design curves results in a rela-
tively simple and rapid method of designing a minimum weight structure and in a
radical reduction in the amount of design data and aids required. The effects of
modifying end fixity, introducirng empirical constants, and considering materials
with various thermal exposures and loading temperatures, can be rapidly evalu-
ated with the same graph. '

In addition, the detail design of a portion of a structure can
sometimes be utilized to design other areas. If the structural arrangement is
maintained over an area of the structure in which the temperatures and airload
intensity are similar, then the detail design of one portion of the area will be a
scale model of all the other portions. This is because the load index for a given
material and temperature will be the saume in all portions and will result in the
same design stress and thickness ratios.

The design technique is illustrated in the examples which
follow (Section III)., The methods of obtaining the load and stability indices
for various types of constructions are illustrated for the columns and summarized
for plates, tubes, and bending members. The evaluation of the geometry and
material parameters is discussed in the remaining parts of this section,

2. GEOMETRV FACTORS

The stability of a structure depends upon the type of construction,
the detail geometry, the over-all geometry, and the edge fixity conditions. The
type of construction, the over-all geometry, and the edge fixity conditions are
known to the designer, and must be employed to obtain the detail geometry. The
type of construction determines the form of the stability equation

(e.g., 0= Ct ER (t/b)2 for a plate), and coupled with the internal edge fixities,

determines the relative distribution of the thickness ratios of the cross-sectional
elements. The over-all geometry (e.g., aspect ratio) and the edge fixity de-
2
termine stability constants (e. g, Ct = i"———é = 3, 62 for an infinitely long
12(1-17)
simply supported pla'e) . The effect of the nonlinearity of the material is reflected
in an effective stability modulus ER which is assumed to be defined knowing the

end fixities. The end fixities determine the ratio of bending and twisting energies
of the structure and result in an expression for the effective modulus in terms of
the secant (ES) and tangent (ET) moduli,

ek

Values of stability constants (or constants from which they can be
derived) as well as expressions for the effective stability moduli in terms of
the edge fixities and aspcct ratios are readily available in the literature (c.g. .,

References 1 through 9). A summary of such values can be found in References
2 and 4,

SRR PRSI P KL SR
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3. MATERIAL FACTORS

The stability of a structure is dependent upon the stress-strain re-
lationship of the material. When the material is linear then only the modulus (E,)
is required to determine the stability stress (up to the allowable stress at which
time the allowable stress governs). In general, however, the design stress for
minimum weight occurs above the proportional limit and recourse must be taken to
employ the actual stress-strain relationship.

The nondimensional approach recommends the use of a mathematical
expression of the stress-strain relationship with three arbitrary constants (E Ar %
B). Thisoffers the widest latitude in matching the actual stress-strain curve whife
still being able to present single design graphs for each type of construction. The
nondimensional form of the stress-strain law is

E, e
‘:o . _% (1-B) +B sinh o/o, (1a)

The formulation is based upon representing the nonlinear material deformations as
an exponential function employing a rate diffusion model of deformations (Reference
7). The formulation is in good agreement with experimental data and has been em-
ployed to approximate creep as well as instantaneous strains, It can be readily
adapted to computation techniques since the nonlinear component is a simple pro-
duct of sinh 9/ (which need be tabulated only once) and 8, rather than an odd power
function, (which would require many tabulations) as is exemplified by the Ramberg-
Osgood representation

E., ¢ n
A _ © 3(6)
= e e e (1b)
Tq7 %9 T\%

The material constants are selected so as to match the initial por-
tion of the stress-strain curve up to the area of interest in the design. This would
require matching the linear and nonlinear portions of the curve up to the vicinity of
the yield stress. Selecting E , equal to the initial slope of the curve matches the
initial portion of the curve. ’ﬁ-le remaining constants % and 8- are selected to match

the nonlinear portion of the curve. One procedure is to plot the strain deviation
(8= ¢ - °'/EA) on a log scale versus values of the stress () on a linear scale (Fig-

ure 1a). This plot would result in a straight line for the plastic portion of the stress-
strain curve if the formulation was exact. Selecting values of % and 8 which depend
upon the best straight line would result in a good approximation to the actual curve
with the error in the stress represented by the horizontal distance between an

actual point and the straight line in the referenced plot. The material constants o
and B are determined, after two points (0‘,81) and (0'2,82) on the best straight line®
are selected, in the following manner:

99

%~ 2.3 log(62/61) (lc)
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Figure la, Strain Deviation vs. Stress
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28, E o
and log 3 =log < 2 A) 2

%, T 2.3 A
E ) 8
_ A 2\ _ P2y o
=log (_&_2__cr1 )-!-log (4.682 log8_) [1og(81)] 2 (1d)
1 ————————

0'2 -0'1

Requiring the approximation of the stress-strain curve to pass through
two nonlinear points on the actual curve is equivalent to selecting the stress and devia-

tion of these two points to establish the straight line. As an example, if the .001 and
. 002 offset stresses are employed, then

o, =1 442 (9, - 9,) (le)
E .3010,

and log B =log (;—:Acr—) - 2,558 - ;—_—02— (1f)
2 1 2 1

results in a computed stress-strain curve [Eq.(la)] which passes through the yield
stress (02) and the . 001 offset stress (01) and which has an initial modulus equal to E

The Ramberg-0Osgood Parameters (E A’ 0: 7 n) can be transformed
to the above parameters (EA, cro,ﬁ )} by making the curve pass through the same

control points (cr7 and 5-85) This results in the following formulae:

1-(c_ /o
o,o- - (.85 .7) o7 (1g)
o1 (.88178)
@/ (o, /a)
and 8= idio (1h)
sinh 7 - o-_7
c, T,

where 0'85/ o 7 is known or obtained from Figure 3b of Reference 4.

Data available in various texts (References 10 through 19)were ana-
lyzed to obtain the material constants and creep properties employed in the illustra-
tive examples. These constants (Figures 1lb, 2 and 3) should not be viewed as the
best values for the materials investigated but rather as values to be employed in
illustrating the design technique. Variations in the material constants,obtained from
different tests, occurred because of variations in the stress-strain curves for the
same material and temperature. The scatter was more severe with the higher
temperatures and newer materials which are now being developed. Fortunately, the
design stress and minimum weight are not too sensitive to variations of the nonlinear
material constants (co and 8). Engineering judgement was employed in obtaining the

material constants for the illustrative examples.
A statistical analysis of all available data is recommended to obtain

the most probable values of the material constants and to estimate the cffects the
variations have on the design stresses and weights in an actual design.
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