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NAEC-ASL-1109

FOREWORD

This report is one of four reports to be prepared by Structural
Mechznics Associates under Navy Contract No. N156-46654. This con-
tract was initiated under Work Unit No. 53C/07, "Developmentc of
Optimization Methods for the Design of Composite Structures Made
from Anisotropic Material" (1-23-96) and wags adainistered under the
direction of t'.e Aeronautical Structures Laboratory, Naval Air Engi-
neering Center, with Messrs. R. Molella and A. Manno acting as Pro-
ject Engineers. The reports resulting from this contract will be
forwarded separately. Three reports are completed and cover work
from 24 May 1965 to 31 December 1966. The title and approximate
forwarding date for each report are as follows:

NAEC-ASL-1109, '"Structural Optimization of Corrugated Core
and Web Core Sandwich Panels Subjected to Uniaxial Compression,”
dated 15 May 1967. Forwarding date, June 1967.

NAEC-ASL-1110, "Structural Optimization of Flat, Corrugated
Core and Web Core Sandwich Panels iUnder In-Plaune Shear Loads
and Combined Uniaxial Compression and Ii-Plane Shear Loads,"
dated 1 June 1967. Forwarding date, July 1967/.

NAEC-ASL-1111, "A Method for Weight Optimization of Flat Truss

Core Sandwich Panels Under Lateral Loads," dated 15 June 1967. '
Forwarding date, July 1967.
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SUMMARY

Tais report presents the development of rational methods of
structurel optimizatioa for flat, corrugated core and veb-cnre
sandvich panels subjected to uniaxial compressive loads.

These methcds provide a me2ans by vhich such panels can be

designed vith absolute ninimum veight, yet retaining structural
integrity (1.e., structurally optimum) for a given load 1ndéx,

panel vidth, panel length, and face and core materials. Of

squal importance is that these methods provide s means for
rational material selection through the comparison of veights

of optiuum construction for severcl material systems as a function
of load index. The methods account for both isotropic or
orthotropic face ané core materials and various boundary condi-
tions. Three types of core are considered: triangulated core
(singie truss core) construction, web-core comstruction, and
"hat-shaped" core construction.

Chapter 1 presents the methods of optimization for the
trianguiated core (truss-core) construction. Chapter 2 presents
methods of optimization for vedb-core constiruction. Chapter 3
presents methods of optimization for the "hat-shaped" core
construction. Chapter & presents examples for several matevial
systeas using these constructions, as vell as providing comper-
isons Vbetveen thess core constructions and honeycomd core
construction. Chapter 5 presents some conclusions dravn from

this investigation.

-1i1 -
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The metiods devsloped herein are aprlicadle to panels ab
elevated or lovered temperatures, under steady state and nearly
unifora teamperatures. Only the strers-sirain curve, or
praferadly she tangent modulus-strsss curve, for euch tempera-

ture under considerition is necessary.

-{v -
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KOTATION

Paneal dimension in the x direction, 1in.

Area of the core per un‘t vidsh of corrugation crossecsion

parallel sc the ys plane, in. {see Equations 1.1, 21.,
«nd 3.1)

Panel dimension in the y direction, 1in.
Dimension in the y direction given in Pigures § and §

Transverse shear stiffness, per unit vidth, of a beam
cut from the panel in the i direction (iex,y), 1bs./4inm.
(see Equations 1.5, 1.5, 2.k, 3.k, and.3.5$

%-litthcz, 1bs.-1n. (i=x,y)

Flexural stiffnesses associated vith an orthosropic
plase, 1bs.-in. (J=1,2,3)

Modulus of elasticity, lbc./in.2

Moduius of elasticity of corrugated core ches?d matericl,
1bs./1n.

Modulus of elasticity of face sheet material, 1bs./1n.2

Definision given by Equation 1.66

Tangent modulus, lbl./in.2

(Be/'t)JL
2

Reduced mofulus of elmsticisy, lbe./in.

Bhear modulus of corrugated core sbzi% material, lht./tn.e

- vii ~
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i

Core depth, in.
Extensionsl stiffness of the facing sheets, lbs./in.

Momaent of inertia of the core, per unit vidth of the
corrugation crossection parallel to the yz plana, taken
ubogt the centroidal axis of the corrugation crossection,
in.2 (see Bquations 1.2, 2.2, and 3.2)

Moment of f{nertis per unit vidth of the facee consideraed
as lolbrsnel3 vith respect to the zandvich plate middle
surfece, in.” (see Equation 1.8, 2.6, and 3.6)

Buckling coefficient
Number of half vaver in the x direction
Definition given by Equation 1.79

Compressive in-plane lcad in the x direction per unit
panel width, 1bs./in.

dt+‘1ctan o

{ran-v;rso shear flexibility ratio (sea Bquation 2.8)
1",‘.'

Definition given by Equations 1.6 and 3.5
Thickness of core veb, in.

Thickness of facing materiasl, in,
Definftion given by Equation 1.10 (= ry)

Total welight per unit Blcntorr srea of panel
construction, 1bs./in.

-viii -
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Weight per unit planform srea of core {i=c) or facing
(4=f) materials

Veight of adhesive or other joining material betyeen
facing and core per unit planform ares, lhl./in.'

Panel in-plane coordinate (see Figure 2)
Panel i{n-plasne coordinate (see FPigure 2)

Panel coordinate normal to mid-plane of panel (sce
Figures 1 and 4)

a/b

In-plane axial compressive deformation, in. (ses
Equation 1.16) d=c,f

In-plane strain
Plasticity reduction factor

Angle veb material mak?a with a iine normal to plane
of facus

Poisson's ratio

Density, lb'./in.3 (L=c,)
Btress, psi

[(‘_ v“)/l"v“l{ll%'

Definition given by Equation 1.80

-iX -
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CHAPTER 1

HETHODS OF STRUCTURAL OPTIMIZATION FOR FLAT
FRIANGULATED CORZ (SINGLE TRUSS CORE) SBARDWICH

PANELS SUBJECTED TO UNIAXIAL COMPRESSION

A, Intrcduction

Consider a flat corrugated core sandvich panel involv-

ing the construction shovn “‘n crossection in Figure 1.

8 b I’=£ZZ‘1.,

AN

Figure 1

Triangulated Core Sandvich Panel

Thers are four geometric parameters with wvhich to
optimisze; namely, the core depth (hc), the vedb thickness (tc),
the face thickness (tr), and the angle the ved makes with a

line normal to the faces (9).
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The overall panel to be considered is shovn in pilanform

in Pigure 2. LX’ Ny
Bl T 1 [
AR IR R

———

- . oo =

rrrrrn

b =

Figure 2

Planform View of Panel

This panel of width b and length a is subjectied to an
in-plane compxessive load “x {1bs./in.) parallel to the x eaxis,
This panel is considered to fail if any of the following
instabilities occur: overall instability, local face buckling,
and ved buckling. It can be shown that face wrinkling, in the
sense of face wrinkling in honeycomb sandwich construction will
aot occur, bscause local face buckling and wedb buckling will

invariably occur at lover values of the load. It can also de

shown that core shear instability, {n the sense of shear crimping
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in honeycomd sapdvich construction canpot occur, because a
geometry vould be required which vould violate the construction
considered, namely a pitch in excess of the panel vidsh. Hence,
there ars three modes of instadility and four geomstric para-
metars.

To descrite the instadbility, the analytical expression

used 1in each case delov is the best avafladble from the literature.
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B. Elastic and Geometric Constants Associated wvith Triangulated

Core Construction ,

The elastic and geometric constants for the triangulsestel
core construction can be determined from those given in more
general form by Libove and Hubka in Reference 1. PFor the core
coistruction given in Figure 1, the folloving constants are
obtajined.

The area of the core per unit vidth of corrugation

crossection parallel to the yz plane, K;, is given by

— t
AC L4 —-c— » (1n-) (101)
8in@

vhere thc symbols are defined in Figure 1.

The moment of f{nertia of the core per unit vidth of
corrugation crossection parallel to the yz plane, taken adbout
the centroidal axis of the corrugation crossection, T;, is

seen to be,

2 2
T - tchc = g

¢ 12 stno ¢

-8

(in.

>
HI
oo

3) (1.2)

The extcnsional stiffness of the plate in the x direction

EA,»i8 given by,

EAx = ch; + 2B t,  (1bs./tn.) (1.3)

vherae xc and E, are the compressive moduli of slesticity of

the core and face material respectively.
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The transverse shear stiffnees, per unit vidth in the
y-direction of an element of the sandvich cut by tvo =tz planes,

D , is found to be,

U

¢
D - fsfs_fffl. (1b./1n.) (1.h)
Q tan O

The transverse shear stiffness, per unit vidsh ian the
x direction of ar element of the sandvick cut d»y svo y-x planes,

D , i3 given by

qY 3
8 hc Ec tc
Dq 5 5. T (1v./4n.) (1.%)
. (1-v; ) hc )
vhere ¥ 1is the Poisson's ratio of the core materiesl.
¢
--,‘,"°2 2 (1.6)
8 = sin g <cos9 .
te

Hence substituting (1.6) into (1.5) results in

Ect 2
D - °2 cos O sin@ (1.7)
L, Q-9

This expression agrees vith $hat found by Anderson in
Referance 2.

Lastly, the moment of inertia per unit vidth, ff, of the
faces, considered as membranes vith respect to the sendvich-

plane middle surface, is seen to be
2

I - tfhc

£ 2

(1n.3) (1.8)

vhere because tr<< hc’ the core éepth hc cen be taken as the

distance betwveen the centerlines of the faces.

-5-
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C. Governing Equations for Panels Composed of Isotropic

MKaterials

l. Overall Instability

The beat expression describing the overall instadbility
of & corrugated core sandwich panel under uniaxial compressive

loads is given by Beide in Reference 3. It 4s vritten as:

N = 1T?Bf3} K (1.9)
vhere K is the buckling coefficient derived and plotted in
Reference 3,

This buckling coefficient is plotted 4in Figures 2 and
b of Reference 3 as a function of the length to width ratio,
n/b, for the cases of the unloalded edges simply-supported and
clamped respectively, for various values of the tranavo?ue shear

flexibility parameter V . This parameter is defined as:

AV rT"EFfF - T Eete (-0 ch

b* Ogy 2b* SEct.
= mr(-ve) (g, (»_.;)‘(gf) (1.10)
2 Cos’® Sin@ \tef\R/ \Ee

It 1s noted that the buckling coefficient for $his
construction has the seme general characteristics as the
corresponding coefficient of a homogeneous flat plate under the
same loading; namely a minimus value occurs for the lovest mode
in the neighborhood of a/b = 1. Por longer plates, a/b) 1,

succeseive miniza occur for increasing numbers of half sine
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vaves in the axial direction, each minima baving the same
value for the coefficient K. Hence just as 4in homogeneous plates,
this minimum value can be taken as the lover dound (conservasive)
for all plates in vhich the length to vidth ratio is greater
Shan unity. Hence, Zor the K values used herein the lover dound
values are used as plotted in Pigures 3 and 5 of Refaremce 3
for the unlcaded edges simply-supported and clamped,
respectively., When utilizing Figures 3 and 5 of Reference J3,
a parameter ECT;/Rr;; alsc appears which canm be easily
deternmined using Equations (1.2) and (1.8). Por a panel with

isotropic materials, it can bde vritten as

Bele | B % (1.10a)

I3 should be¢ remembered, hovever, that if a panel is
considered in wvhich the length t0 width ratio 4is less than
unity, higher values of K can be used as giver by Pigures 2
and b of Reference 3.

An equation for overall 4instabilisy 4s given &n page 96
of ANC-23 (Reference U4), wvhich éiffers from Equation (1.9) only
by a factor of (1-\}2) in the denominator, vhere 9: is the
Poiseon's ratic of the face material. Hovever, since the curves
used in ANC-23 are taken directly from Rafereance 3, 1% appears
logical %0 use the buckling equation from Reference 3, as given

in Equation (1.9).
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2. Face Flate Instability

Looking.ut Figure 1, it is seen that each plats
elemend of the faca from A to B can buckls duo to the axial
load N_. Since the support conditions at A and B, the
unloaded edges are nod knovn precisely, it is cohtcrvativc %0
assume that they «re simply supported. For such a case the
lover bound of the buckling coeffici¢nt X for tais condiston,
vhere the length %o vidth ratio is greater than unity, 1is
equal %o &. Anderson in Reference 5 discussas the effect of
more complex buckling modes, due t0 interaction betSvesn face
and core elements. Hovever, Figure 5 of Refsrence 5 shovs that
at most the buckling coeffic. nt vould be k.21 for simultaneous
buckling of face and core elexents. The vell knovn buckling
eguation to describe this instabiiity, vritten in terms of
this construction, 1is:

o< TrEp  te 1
v 12(1-¥¢}) ht tawt@ (1.11)

vhere 0@ is the astress in the face.

3. Wedb Plate Instability

Likewise the locnl plate elements of the core can
become unstadblc due to the core deing subjected directly to a
portion of ths azial loading, Nx. The conserveative assumption
is made here also that the wed elements from A %0 C and B %0 C
in Figure 1 are simply supported along the unloaded edges,

eince the actual boundary conditions are unknovn and may vary
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due %0 care in fadricatsion and methrzd of joining the ved cad
faces. Hence, K = b, for elements vhich have greater leagth
in tShe x direction shan the dimension from A d0 C.

In terms of the symbols of Pigure 1, the plase duekliag

equadsion 1is

= .Efjéi. EQ} Cos’0
3(‘_'51) h(-l (10 12)

viiere 02 is she stress in the ved elsmens.

b. Load-8¢ress Relaticnship

For Ske conssruction given in Figure 1 i¢ is s2en $hat
the load ¥ 1s related tc Whe stress in the face Op aad she

stress in she vebt U, by she folloving relationship.

Ny = OcAc + 20:t, (1.13)

Further, 4t is assumed that the ecxial shorteaing of
She core d; must equal the axial shortening of she faces J;
due %0 the loading l!. This 4in other terms means that She core

and the faces undergo equal strains.

Les ¥ be the load/in. carried by the faces
4

and B, be the load/in. carrfied by the core
c

end i! be the load/in. carried by she entire panel

Then N_ + .It - ¥, (1.1%)
e

and =
lx = 0‘(_ Ac ’ .! - thdf (1'1’)
4

c
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The axial shortening of the core ( é; ) and the axial

shortening of the faces é} ) are found %o be

N a N a
8 = X Y . (1.16)
scl’c 2Ept,

Bince dc= Of , from (1.15) and (1.16) 1% 1is seen that the

s%ress in the core 13 felatéd to the face atress by the followving:

O, = Of Ee (1.17)
E¢

Thus using the expressions above the face stress is

related to the load per inch by the expression

Nx

E te 4 zq] (1.18)
e S0

Op

Note that relatsionships (1.16), (1.17), and (1.18) are only
valid vhen the stresses in the faces and core are belov the
proportional limit of both the face and core materiazl). Above

theses values the following procedure is required.

face matemal
/\
ol e
(3 '
Core material
o I8
do — — )= = == !
|
!
3
figure 3

Stoews O.8iridution ia Pace and Core
J00v.e Prozorvional Limit

i -
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FPor any value of strainm & corresponding %0 stress
exceeding the proportional 1limit irn either core or face, since
the strains must be equal in both core and faces, a vertical
line can be dravn on the stress-strain diagrem as shovn in
Figure 3. The unique value of face stress and core strecs can

be determined for this strain.

Likevise in Yigure 3, values of tangent moduli Bf
)
and E, , for the face and core respectively, can be
t
determined, that are necessary to determine a plasticity

reduction factor for use in the buckling expressions derived

earlier.

5. Weight Relation

The weight relation is seen to be from Figure 1,

W : ?_e;t;ﬂ- fcgc + Waa

W-wad = 2(34: tr + f‘-t"

{1.19)
Sin ©

vhere PF and eo are the weight density of $he face and core

material respectively,
W o 18 the veight in lb/in2 of planform a. - of the
adhesive or other material used to Join face and core,

W is the veight in 1b/1n2 of planform area of tshe ensire

panel.

- 11 -
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D. 8tructural Optimization of Panels with Faces and Core

of the Same Isotropic Material

The governing equstions pertaining to this construction
are given by Equations (1.9), (1.11), (1.12) and (1.17), (1.18)
and (1.19). Ia this case the simplifications in aymbols are as
follovs: zc-gr-z; Yc-)’r-v; dc- df -
Becauge the stresses in the faces and core are equal vhen the
same moaterials are used throughout, the methods derived below
can be utilized for stresses above the proportionel limit.

¥ 18 used to indicate that a reduced modulus can be i1sed. The

results are:

Ny = MEtehd K

{1.20)
2b*
o= TUEte ~ (1.21)
(-4 ¥ )bt tan's
o= TNYE L G:6 (1.22)
3(1-¢%) he
_Es_]
Nx = J ZtF + Sin® (1'23)
W-wou = P [th + ‘é’f?] (1.2k)
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The philosophy of optimization is as follows: a
truly optimum structure is one which has a unique value for
each variable within the class of structures being studisd
(triangulated core sandwich for example), for each set of
materials (7075-T6 aluminum for example), vhich vill result
in the minimum possible weight for a specified set of loads
(uniaxial compressive load per unit width, N_ for sxauple),
and yet maintain structural integrity (vill have no mode of
fafilure less than that occurring at the design load). In this
case the optimum structure will have the characteristic that
the panel will become unstable in all three buckling mocdes
simultaneously. If this is not the case then one of the
critical modes corresponding to a face stress, say Cﬁ 0
occurs at a higher value of face stress than the other twvo,
say 0= 04y < 0 Howvever, the panel will fail at a load
corresponding to the lower face stresses o and (T3, say
A, = N3. This in turn mesuns that there exists material (which
has veight) in the structure vhich 1s not being stressed or
strained shfficiently for 1t to be used most efficiently. Thus
there are tvo alternatives available. (1) Matarial can be
removed until the failure mode originally occurring at O&
is reduced to the stress (72 ] (73, in vhich case a lighsar
structure results for an applied load N, = K. (2) Material
can be rearranged reducing the critical stress v;lQa originally
at O& corresponding to the first mode to some value Cru .
vhile raising the critical face strass values associated with

the other two failure modes originally occurring at 62 and O’3

- 13 -
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to a value dh (ffl) dh > 0’2 - 0’3). Rov the structure vwith
the same veight as the origiral arrangement can withstand e
load ‘h (corresponding to (jh) vhere N, 5 K, = n3. Obviously
both (1) and (2) can be performsd simultaneocusly so thas some
material is removed and sore rearranged, resulting in an

optimur structure.

Returning %o the Bquations (1.20) tkrough (1.2h), she
knovn specified quantities are the applied load per inch N,
and the panel vidth b, which can be lumped together as shs load
index N_/b; the meterial properties E, Y, and e. The buckling
coefficient K is a slowly varying function of the dependent
variables that for the present will de considered as a tonssany,
but vill be discussed later.

The depandent variables in tshe set with vhich to
optimize the constructior are the face thickness, tr; the core
depth, hc; the ved thicknaess, tc; the web angle, O; the
stress, O ; and the weight, W - LT

It is seen thet there are five ejuations and six
unknovns. .Tho sixth equation is obtained by placing the veight
equation in terms of one convenient veriable, taking the
derivative of the veight equation with respect to this variatble,
and setting it equal to zero %0 obtain the unigue value of the
variadble resulting in minimum weight.

It should be noted that this last step differs from

the optimization procedure given by Vinson and SBLore in

Refercnce 6 for honeycomb sandwich panels under the saan loading.

- 14 -
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In thet construction there are six governing equations and
six dependent variables. Thus, employing the optimization
philosophy expressed in Reference 6 and repeated earlier in
this section, the optisi:zation veight is directly delermined
by equating the stresses for each failure mode.

Before proceeding it should be noted also that in
this case vhere the core and face raterial are identical, the
optimizatidn procedure can be carried out directly for etresses
above the proportional limit of the material in the same vay
at in the range vhere Hooke's Lav applies. It is only necessary
to introduce a suitable plasticity reduction factor, q , such

that

E o ne® (1.25)

In Bquations 1.20 througk 1.24 as wvell as in the folloving
E vill replace E for generality.

Manipulation of Equations (1.20) tLrough (1.2h)
results in an expression for the veight equation in terms of

the ved angle 6, as shown below:

W-Wad _ [3(I-V")J‘/w [Nx/j‘/l{? &f*{Sm‘&]%‘.
v I £ m

b K __E:- Sin® (CosG)y" (1. 26)

As stated praviously, the sixth equation %o odtain
minimum velight consists of the derivative of the wveight

equation vith respect to the singls variadle, equated to zero.

 —
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Taking the derivative of (1.26) with respect to @ and

equating it to zero results in the important relationship

8100 = 2/1

Therefore, @ = 32,40

It 1s sesen that to obtain minimum veight structure
for a trisngulated core panel involving faces and cores of the
same 1sotropic muaterials, the ved angle is constant and
independent of isotropic materials used, the coefficient K, and
and the magnitude of the Load Index (lx/b).

One may nov obtain the ”univcrlil relationship”
relating load index to a unique value of stress, for any set
of material properties, which will result 1n minimum veight.
Por this construction it ie seen that the universal relation-

ship using equations 1.20 through 1.24 is

Ne = 45 (-uy™ o’
b 2 mExnh (1.28)

The geometric variables ¢ tc’ and hc as vell as

t’
the veight equation can nov be expressed in terms of the
optimum stress O, or the load index ( N&/b), Simpler
expressions are obtained vhen the optimum stress is used, vhich

of course is related to the load index through equation (1.28).

These expressions are:

b o L (-v)"
v (1.29)
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1.30
- Eeh (1.30)
he - 5. o 1% (1.31)
b 2 mEgx
W-wad = 4 (1-vy)*po (1.32)
b 2 mExkn
In terms of the given load index (lx/b) the
oxprellioni are seen to be:
Wl sy
te = 22 ()" (M) (1.33)
I T A
te » T (0™ (Nu)™ (1.3%)
b 5 mwE'% kM
1
b« (5 (Nsb) A (1.35)
b 2E mt(1-v)¥e k2 '
% %, (M)
W-Wad = 3(_5:) (1-v) ™ p (Nxho (1.36)
e v U

Osher inseresting relationships are nosiced for shis
construction vhere optimized. From (1.29) and (1.30) or (1.33)

and (1.34), the ratio of the vedb thickness of the core 30 the

face thickness is

t/ty = 7/8 (1.37)

- 17 -
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It is also seen from (1.23) and (1.24) and by
(1.28) wnd (1.32) that
Ez.-(w)si j Vol (M) p
b b P b b/C (1.38)
Looking at Bquation (1.24), 1% is seen that for this
construction the ratio of the weight of the core, Hc, to the

veight of the facings, Hr, can be easily computed for optimum

construction, utilizing (1.27) and (1.37):

(1.39)

L
*
n
ot
*
w0
-
<]
L ]
(o ]

All quantities are nov knowvn, except fo. the precise
determination of the constant X wvhich, as mentioned earlier,
is a slovly varying function of the dependent variables, but
only appears in the weight equation to the %; power. In
Figure 3 or 5 of Reference 3, values of K 2re tabulated as
functions of the quantities ECE;/Effk and V= WZEFE%/ELD%7 ’
the core tranaverse shear flexibility paremeter both of which

must be determined. From Equations (1.2), (1.7), {(1.8), (1.%29),

(1.30) and (1.31) these Quantities become:

Eele , 1 (1.40)

AT

Ve alele (1.31)
LEK

- 18 -
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By a simple iteration involving assumptsion of K,
solving tor V for a given set of materials and stress, reading
K from the Pigure, and repeating, the value of K can be detor-
mined quite rapidly. It is seen immediately from (1.41) that
the core flexibility parameter is very lov due to the ratio
U/E , hence K vill alvays be very near the valus given by she
intercept with the ordinate on the aforementioned figures.

The design procedures vill be given in summary form

in Section I of this chapter.

- 19 -
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B. B8tructural Optimization of Panele wvith Faces and Core

of Different Isotropic Materials

The governing equations pertaining to this construc-
tion are given by Equations (1.9), (1.11), (1.12), (1.17),

(1.18), and (1.19), and are 1listed belov in summary.

Ny O-Ef ";_f het K (1.42)
2b
O = O Eptet (1.43)

120-ver) he tan®O

d‘: = sz'EF ‘l.'(,l Cos © (l.'&‘t)
3’."\'0") hf-ol

N)t = dF ["E;; S-%ce+ Z.‘EF] (1.“5)
W-Wed = 2.(34:'&{: + pete (1.46)
nO

The philosophy of the optsimirzasion is identicel to
%het expressed in Section D of this chapter, i.e., all
tndependent modes of failure that cause the panel %o be
c¢onsidered structurally unsound, must occur simultaneously %o
produce a minimum weight structure,

Again it is seen that there are six unknown quantities

(%) %,» b, 9, 0}, and ¥ - W,,) and five equatione. The sixth

- 20 -
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equation is obtained by expressing the weight equation in terms
of a convenient variable, and setting the derivative of the
veight equation (1.46) with respect to this variable equal %o
gero to obtain the minimum weight value for that variabdle.

In the case in which face and core materials differ,
She expressions given by Equations (1.17), (1.18), and (1.4b)
are applicable wvhere both the face and core stresses are belovw
%he proportional 1limit, Above the proporticnal limit, an
iteration procedure involving the equating of strains as shown
in Figure 3, and using the form of dhe web buckling equation
showvn in (1.12) must be employed. This shall be further
discussed in Section H Aealing with optimization procedures.

The remeinder of this section deals with the explicié
solution of the problem for stresses belowv the proportional
limit of both materials.

Manipulations of Equations (1.42) through (1l.u46)
can resuld in the weight equation being expressed entirely in

$erms of known Quantities and the unknown wveb angle © below,

Vo . .
W-wad = 3""(:-/;‘)”"‘0; ("L‘) ((9 +4 Smle)

— - ‘ 7 RN
b 111 E{;/ K"}‘4 5‘,,,9(&,59) ‘(E*HiSm’e) - (1.57)

* - < 0O
vhers (} (:;F

» . E o
E £

LY
and no= |1=ve ]
[-Veh

As stated previously, the sixth equation is developed

- 21 -
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by setting the derivative of Equation (1.47) with respect %o

@ equal %0 zero. The result is
L BN ] -1
[‘zne‘—ze* Siate - [ Lp*-4E”- Fe7E Jswte

- e*E* =0 (1.48)

Yor a given material system solving (1.48) for O gives
She value of © vhich will insure an optimum construciion. Note
that this value of © 1s independent of the load index {N./b),
and the buckling cosfficient K, vhich in turn moeans it {s
independent of the panel boundery condlitions on the unléudcd
edges (simply supportsed or clamped).

The "universal relationship” can now bde found,
knowing @, which gives the unique vealue of face stress assoc-
{ated vith minimum wveight for & given load index and se% of
material properties.

i
y _ L
N = 3(:«/&)1 gt [e* rusee]
b Kk | TEF S8 (s (1.5))

The geometric variables ¢t tc, and hc as vell as

f,
the veighs equation can nov be expressed in terms of the
optimum stress U , or t-e load index (nx/b). The simple

expressions result in those expresesions in which the opbimum

face stress is used, as given below.

Wy, |
be - 20 (V)"0 [Err4sin'e] &
b Tt Ee k" Cos® (1.50)
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Yo _ h

tﬁ_ < ﬁ (l""e!) .—OIE [E "i’ QSM:‘Q_] {1.51)
b mt Ee Kvl' S8 Cus o .

V‘L » Y yl. %
he » _ Gt [e*+ usiaig] (1.52}
b et ' Sin®

r— h -1 » © 3 V;_ :
Wl = (3(1-v¢) e 0% LE rusite][ EP+4Sinte] (1.53)
b m e KA Sinle Cos©

The geometric variables in sorms of she specifioed
load index are given belov. The vaighd equation in terma of

the load index is given by (1.47).

Y. Yo
ic = .2(3)&(%0;‘)/\ (Mxf) Sin 6 {(1.5h)
AT (Cos®) " [E*+4Sine]
Y
b (30 Gy () (1.55)
b kM (G0l [er s usinte)
N Vq b Mew ) Ye
he = (Nx/b) . (Cos &) 1 [E"+ 4sin'e] (1.56)
b (3)V‘ WV;(,_VFI)V‘EFN Kyt (Si'h Q).h"‘

One useful relationship s she reladionship
batveen the wed thicknesa %0 the facing thickness, vhich is

easily seen %0 de

(%) - gL__(_E_'_/_'t_’) (1.57)
25in0

- 23 -
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As defore L%t fa ncw necesawry %o 4detsrmine the precise
value of the buckling ccefficiea% X, Crom Pigurss 3 or 5 of
Reference 3. It is only necsssary to Xpew fii13t the ratios

et /g, i, eng V= ot Eele/ut Dy

for the optimized constructicn. From the foregoing %hese

values are found %o be:

E:-_g = .E.‘— ._._‘{L__.. (1.58)
ke Ir Ee 125im'®
and
- % 1
v (l-\l(_]) o {l: +4 Sin 9] . (1.59)

Ec LK Sin'€ Coi'B

A very rapidly converging iteration results vhen
theses equations ers used vith Figures 3 or 5 of Reference 3 %o
determine K. In optinum construction v , the transversa shear
core flexibility pereac :er will usually dbe very small.

The actuel design procedures will bs given in summary

form i85 S8ection I of this chapter.
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Y. Governing Bquaticns for Panels Composed of Orthotropic

Materials

l. Overall Instability

As of the date of this report tkhere is no putlished
study of the overall stability of corrugated core sandvich
panels employing or%thotropic materials under uniaxial
compresaive loads. Hovever, 1% is not difficult to deduce the
form of the expression for overall instability by reference to
closely reletsd analyses.

On page 53 of ANC-23 (Reference L4) the expression for
overall instability of a honeycémb landvich.panel utilizing
isotropic materials under uniaxial compression is given by

AR EciiDK

ey (1.60)
U.”'lerg, H= zEptF.

On page 96 of ANC-23 the expresaion for the overall
instability of a corrugated core sandwich panel utilizing

isotropic materials under uniaxial compression is given by

Of + Ee D K
bt H

(1.61)

vhers H = Ekx[;tp -+(tc/5.ne)] for the corrugated core
sandvich construction. The expressions seem t0o be idantical

in form.
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On page 82 of ANC-23, the expression for the overall
instability of a bonsycomd core sandvwich panel utilizing
orthotropic materials under uniaxial compression is given by

O - Eex M Y DxDy

bLH* (1-62)

vhere Hx - 2Efxtr

Comparing this wvith Equation (1.60) 4t is seen that
concerning flexural properties Ef is replaced by xfxxfy
vhile in extensional properties Efilxeplaced by fo.

Therefors, from the foregoing it is hypotheeized

that for a corrugated core sandwich panel utilizing ortho-

tropic materials the equation will be identical in form to
L)

(1.62), namely GO = Eex E____lﬂﬂL )

- th}

or in terms of ths load/inch, R _vill be

Ny = T YEeEey tehe K|

PN N

(1.63)

Here, K = (Tfﬂ , and in being consistent with the
x

previous discussion in Bection C, concerning D = Efi}’ then

= - 2/
JDny -\/Brxxry Ir Eerfy tfhc lo
Analogous to Section C-1, it is also hypothesized
that the curves 3 and 5 of Reference 3 may also be used to
determine the value of the buckling coefficiens K by suitabdble
traneformation of the isotropic material properties, %o those

of orthotropic materials. The replacements correspond %o

- 26 -
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those made to ottain Equation (1.63). Hexnce

Vs Wa("""vcyaxc) (éf)(l-—\}:):' Wz
2 Cor’® Sen@ \f¢/L B /E“g,_v' (1.64)

El . VExEey

-

te Ie JE;:,‘ Eta

L5mo (1.65)

"

2. Face Plate Instability

Timoshenko and Gere (Reference 7, p. 404) present
an expression for the critical stress for an orthoiropic
plate, eimply supported on all edges, of vidth b and length a
(a Db), and thickness h, subjected %40 a uniaxial load in the
lengthvise direction.

The expressior given is

O/-'- _2i4_z~ (40,()1. + DJ>
blth

whare D, = Exh?
ll(l«ymavv\u)
Dy Eyh’
'Z(“u)?‘/a‘)
03 = -‘2_—(\/“6 Dz + V,g D;) + Z(GI)‘a

Defining a constent Bo such that

2Es = v ExE‘a + Vgx Ex + 2(’)“3 (l-dx.}V,;) (1.66)

the criticel stress can be presented in the familiar fore for a
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simply supported plate under uniixial compression in the length-

vise direction, namely,

G” UZEO!'I?—
3(|—v,av>*)b‘

(1.67)

For the lccal fecing instability of the triangulated
core construction, frox Figure 1, the expressiom is easily

determined to b,

O"F = n-l Eof bFl )
12 he? (1-Vig e Vyng) tus®® (1.68)

vkere the subscripts f refer to the facing material.

3. Neb Plate Instability

Again from the geometry of Pigure 1, i. 1is seen that

for the wed plates Equation (1.67) cam be written as

o, « M*E, t* Cos?e® ,
3"\01-(’%/11(.\/”,9) (1'69)

vhere the subscript c refers to the core material.

b, load-Stress Relationship

Amslogous to Equations (1.17) and (1.18), replacing
the E values by Ex values in extensiomal quantities, the
corresponding relationship for orthotropic materials are

G—Q 3 O’F’ Eﬁ
E—(’ (1’70)
and

N [ Eer te 4 thJ

Er_; Sin® (1.71)
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Bquation (1.71) 15 consistent vith Equation A, page
80 of ANC-23 (Referenmce k).

Agein, it should be noted hat vhen the face material
differe from that of the core material, the expressioms (1.70)
and (1.71) pertaim only to the ramge of loads and stresses
less tham the proportiomal 1limit of both the face and core
material. VWhen either face or core matsrials aro straessed
beycng the proportional 1limit an iterative procedure must be

employed utilizing the properties described im Figure 3.

5. ¥ejght-Relatiopn

As before the veight equatiom for this sype of

construction is givem by

= = 2 {7 <+ c"Lb
W 2 2o R (1.72)
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3. Structural Optimization of Panels in which Fsces and Core

are Composed of Differant Orthotropic Makerisls

For brevity, the structural optim¢zation for ortho-
tropic panels vill be performed first for the case in vhich
the face and core materials differ. The governing equations
vith vhich to optimize are given by Equations (1.63), (1.68),

(1.69), (1.70), (1.71), and ().72), and summarized below:

Ny = m EFAEfH 6;}1‘_LK

(1.73)
2b*
2 b
Op » T~ Eof £ (1.74)
”"("J",FV‘,RF) /191 tawto
o * Eexn W'Eoe t} _Cos?® (1.75)
Eex 3 h'}("\’xugcvqnc)
Ec¢
- Ex _te + 2tf 1.76
Ny [E& " J (1.76)
W-Wad = 2 0ebp + fete (1.77)

Sin®

The philosophy of optimization 12 identical to that
expreesed in B8ectioms D and K of this chapter, namely, all
indepondent modes of feilure that cause the parels to be con-
pidered structurslly unsound must occur simultameously to

produce a pamel of minimum weight.
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Again there are 8ix unkncvae and five aequstions.
The sixth equation is ocbtained by expresuing the velight equation
in terms of % convenient varisbls, and setting the derivative
of the veight equation witk rempsct 4c this variabla egusl to
ze¥0 to obtain the value of that varisble which vwill ensurs
ainimuz velght.

Algedbraic manipulations of Equasiosns (1.73) shrough
(L.77) can produce the weight equation as ¢ function of the

angle 6 only, as follows:

. e
ok - (0o (A (e V)

W
b T (Eex ey Eog Sin 0 (Ca )M
/ Y,
C\ [ Eon Y Beg \ *
v ) )12) )
Yy
M (1.78)
%,
Ecx % E:f J l.nz
where Mo = EF"‘. (Eoo) S al 8] (1079)
Yo
and No T I~ Vrue Vune (1.80)
b= Vuge Vgus

Taking the derivative of Equation (1.78) vith respect
to O and setting the reault equal to zero, p;ovid;u the equation
%o determine @ wvhickh will insurec minimum wveight. This equation

can he written as:
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¥,/ VL A V
() (&) e () 0, }
[ere(8)( %) () 2 ) () ] s

= {(, (g—';) (_E_gg\y‘(_t_._;)‘/lo ) L?(Eﬁ:)%" (E?.‘)VLJLO

EF! EQL

- H(E)(E) (2) 25

£f/ Eae
{(%;) (Erx) (i:} s ) =0 (1.81)

Note that, ageir, the value of © producing a minimum veight
panel ig indeperdent of the load incdex (ix/b) and the buckling
coefficient K. It is therefore also independent of the
boundary conditions.

The "universal relationship” relating the unique
value of face stress to a Biven applied load index (lx/b) is

glven by

)"

3/ 1 P
Ny . 3" Mo erf (""Kgf Vgae
b ﬂszL EOFIJL(EF&E“Q)'M Si.te CnuB (1.82)

vhere ¢ is known from (1.81).

The geometric variables tf, tc and hc can nov bes
expressed in terms of the optimum face stress determined by
(1.82), or the load index (ux/b). The simpler of she $vo sets

il in'ter-s of G},and @ ahd i3 given as follows:
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. i, s P
be s 20308 Mo “Uihagrue) ™ (1.83)
b KA E™ G (Eex L’(,)ﬁ'
is
IE.‘\'L -VL |/
=i . L
b GLEn) T (e Mo (1.84)
b «n-l EOL‘ILE"‘L (QAE"i)%‘ S,,,B(,asﬁ
W o
o " Mo (1.85)

b+ N
b TrKuL(EknggyMJma

The sams variables expressed in rme of thes load

index (Ex/b) snd O can be vritten as,

\ Ll |
te - 2 (3\“ Sim 8 (Nn/b)/‘(f—u;,ﬂﬂ_r}/' (1.66)
° KM Boe™ (Cos®)™ (Eps Ceg) Mo
)
[ En\* . W W o v
b« LB e (M g™ (1.87)
b ™ Eo""(EﬁEra)y‘KV“ Mo (Crat) ™
he = Eofy' (Cos@)v” Moh(k/x/b)vw (1.88)

oI (e Y (S ) M (g )

One cosher ueseful relaticnship is found %0 be the core
thickness as a function of fece thickness. From (1.83) and

(1.8k) or (1.86) and (1.87),
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Fac E] 25n.9 \ (1.89)

|
be o [Eer|® (5—&: “on (@-)
b
As before, it is neceseary to determine the buckling
coefficient K from Figures 3 ocr 5 of Reference 3. Piret ve
nust determine the flexural stiffness ratio and the transverse

ehesar core flexibility psrameter. They can be found from the

foregoing and are written as,

Ef o (Eake (E« V‘(&x)vl Lo
Bale | EexEry Eoe,) Epr) 12 $:n'S (1.90)

 » (""/Kit_\i’lg) Or Mo (gb)vl- (.Efl‘)'h..
S'® Cn'® (Einie,) 0ok \ EoF (1.91)

A very rapid itaration produces the value of K.

The actual design procedures are given in eummary in

Haction I of shis ckapter.
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B, Ssructurel Optimization of Panels with Faces and Core

of the Same QOrthotropic Materia

The governing equtions wish wvhick to optimize for
this construction can be obtained easily by contracting the

ees (1.73) through (1.77) by letting Bop = By = B,

Ery = Eoy = By ()1’ S 8 .(o » Vyyr T vxyc - vxy’

Y - ) - Y and T, = O =0 . Th: equations

yxt yxc yx’ ¢
become:
Ny = T2 YExB, tehlt i (1.92)
2™
o+ NFEgket (1.93)

12 hc,l taw'8 (l"}xv Vy;\)

o= il t& Cos® _ (1.94)
'3 hbt (\‘U,‘\,Y’,‘)

Vi -Weodd » () [2(:p+§_5_§-_] = N ﬁ (1.93)
n8

Ny=» @ {zt; + s%eJ ~ (W-waa) (1.96)

o
r

- 35 -




L

NAEC-ASL-1109

Proceeding exactiy as before, the veights equatsion

can be expressed in terms of © orly, and becomes,

-w

2
\ od . BU“f (”}tlb)n (l'v";., V"n)y‘f [’ + "*SmlGJA'

[ d i/ ! )

b v (c'"‘c') € £, 528 (CaB)r (1.97)

"he derivative of (1.97) vish respect to @ provides
she unique value of @ which will resulit in & minimum veighs
structure. It is found %o bte

e, 2 o
Sin“e = 7 , e ~ 32.4 (1.98)
I+ should be nc 3¢ that it is independent of the

.1ue of the load index, the buckling coerficient K, and the

naserials used., Note that for the orthotropic comatruction

vhere faces and core material ere tbe same, the optsimum angle
© 18 ldentical %o that of isotropic construction wish the face
anG core material the sume {see Equation (1.27)).

The "universal relationship” relating the "load
index” %n the unique value of face stress which will resuld &n

minimur wvelight structure is found %0 be:

-—b_ pA WIK'/LEO"L(E‘Ea)'/q (1'99)

The geometric variables and the weight equation in

serms of the stress are determined as:
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Y
te o G(-7vys) e (1.100)
b Treh e (&, Ea)w

)
[T 3(’1)”‘ (:-J;.,v.,xj"c‘ (1.101)
b bR EQU‘(E,E:‘)“'KV"
ol
by~ L <_4_£_q‘_)/" (1.102)
/
¢ (Exg)4 \ L X
Y,
et w MC (V) Pog (2.103)
o 2 ek (Lg%
The same variables in terms of the load index are
found tc¢ bde:
te « 2(;)"" (1-Vyg Vg™ (e /)™ (1.105)
b S k' E.lv(g_.;,)'n
t = (1\"‘ (1-Vag V) () ™ (1.105)
b 5/ T KW Iouv (ﬁnEa)w
he = (;)“' EN (Nx/p) Y . (1.108)
b P k-thrVa.(ﬁ"ga)y"'(l-Un,V,u) !
Yo y‘( (“/ ¥
W-Wad ~ 3 (E) ~ (Vg Ve) ™ p (Mrl) (1.107)
b 2 - Y,

o £ (£, )
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No%e also thet, as in she isosropic corssrucsion $n

vhich the face and core material are identical,

and (1.108)

Again %0 find she duckling coefficiens K, Piguzes 3

and 5 of Reference 3 are used, eaking use of she feolioving

parameters,
EL .2 (1.109)
E}f} v

(1.110)

Althcocugh one might obtain approximase resulss for
st%rosses above $he proporvional limis, due %0 she nature of she
quentidies xo and lxsy involving Poisson's radsio effects, shese
Bethods, siricily speaking; should be limitsed to ssresses ad or

belov 4he propordional limis.

The actuel design procedures are given in summary

in 8ec%ion I of shis chapter.
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I. Design Procedures for Panels of Triangulated, Corrugated

Core (Single Truaa Core) Constructioa Under Unisxial

Compression

This section presents in an abbreviated form the
aseps to fcllov in determining the minimum veight design
curves for panels of this type of construction.

l. Penels in Which Faces apd Cores arc of the Same

Isotropic Material

a. Knovn quantsities: ET o

b. Select material, and stress values of inserest.
Determine values of reduced modulus iL wvhere
E = {iﬁi: ', for stress values above the
proportional limit.

c. Using Figure 3 or 5 of FACA TR 2679 determine

value of tuckling coeffi.ient K from ordinate,

E. I
for — % = — , and an abscissa of v vhers,

Epl, 2k

for each &

Ve 21(1-vY) e
2E K
It 18 necessary to iterate to find the valu# of

K, hovever for this conatruction V 15 very emall

*There are several other videly used equations vhich zsuld be
used to determince the reduced modulus. Since there 1is no
general agreement as to which 12 the most accurats, the
sinpless form has been suggested Lere.
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Over the entirs range of stresses and hence X
i8 nearly the oréinate intercept valus.

d. Por each stress value selected datermine {’x/b)

e ———— .

Ne « 45 (-uy)ec?
o Z nargga

¢. Detormine (hc /b) for eack ¢¢
/

il‘:: .'_S._cl__wt”-
b 2 mEK]

f. Determine tf/b for each @&

te . 6(1-v) "t o
b I‘TL E—K'/L

8. Determine tc/b for each <’
s [l
b 8 \b

b. Determine (W - wad)/b for each O

W -Wad i (N’K‘]
b b/

2., Panels in Which Pacos and Cor¢ are of Pifferent

Isotropic Materials

The following procedures are applicabie for stresses
below whe proporsional limit of both face and core materials,

8. 8elact materisls and face s%ress values of intverest

Y. Dstermine following relationehips

A;[EJ;]VL) E¥ . & a f*- P n_

1~¥et

«~ ho -
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Obtain the vaiue of 9 fro=

c/ Pr
Eele - E (L
Ee ¢ EF 1251n©

Determire value of K from Figure 3 or 5§ of ERiCA
TR 2679 for esch O where abscissa V is
Vx (l-ch)f {E"F‘*Sin’ej
BEL L K SintG Ca'wls

Again an iteration is necessary

Deterzine Hx/b for each stress value of interest

W
Nx {3 (t-dle)vt aet [E"+'~($m‘6]
mt g4 E¢ Sinte Cuwbs

b

b for each CJ"f

s o (Lezevsaree )

b !T"Ef K SiniB

Detercine h
c/

Determine tf/b for each df

1/
tp o 205 (v oy [Emrusinte]

= TrEe K Ces 8
Determire tc/b for sach O‘f

be o A= Ef)
b 28inb b

Determine (VW - w.d)/b for each G}

, . W
W-Wad f'a' ('_ng)vu[b" G-FEQ'..HS.!th[Ev,qSHlSJ
b

mTrEs KX Sin'0 Cs®
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k. Determine <yc fcr sach <7} %0 insure that bosh

stresses are belov the proporsional limié.

a. = G Eo
Ce

3. Panels in Which Paces and Core ere of the Same

Orthosropic Material

The folloving procedures apply to stresses belov she
proporsional limit of the material,

2
e. Knovn guantities 9 = 32,4° (Sinze -7, Cocao - ;)
Balc/grlr = 7/2i

b, Belect material and strees values of interest

¢. Calculate Eo
Eo= 3 [\{E*Ev + Vyn Ex + 26y (""'v"%").]

d. Ueing Pigure 3 or 5 of NACA TN 2679 Getermine value
of K for ECT; = 7/24, and an abscissa value of a/b
for each O

V= 2(-vagvyn) @
(EnEg)"* K

An iteravion is necessary.

¢, PFor each O determine Hx/b

LT (T - A
b 2. "l KV]_ EQ.IL(EﬁE:\ IL

-1‘2-
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f. Detereine hc/b for each O

b o L IS _ff}"’-
b (ExEy)Td LF MK

g. Determine ¢t for each O

£/v
Y

& = (‘(|'V’2y§"‘) K4

b ket ()

Bb. Determine 3 for each O
c/v

b\ (Y]

£. Determine W - W,y for each @
)

W-Wad Ny
Wt . (4) £

8. Pesnels in Which Faces and Core are of Different

Orthotropic Materials

The folloving procedures are applicable t0 stresses
belov the proportional limit of both face and core materials.
&, 8elect materials and i'ace stress values of
interest

b. Detsermine the follcwing relationships

EO'L 3 % \IE[g Ew’ + VY)Q:. ELX + 26";(,-V‘8; V.,,‘;_)]

L'g (CI f)
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¢e. Obtain O from the following

:"

[0 s(8)( (2] 0. - 2(Ef'(E) ") s

Eee £n Eoc
] { (RIS () - o (&) (&) “A
| BN (E) a0 s

Ec
A E’

Holkh
[
o
x
q
"~
-9
——
15
o g
=
P
o
®
S
=
e

e, Bolve for Ho

% %
- it Ecx E—'—‘) N
Mo 4S8 ¢+ (a‘) < Euc o

f. Determine X from Pigure 3 or 5 of NACA TN 2679
for R I / E,I, calculated above and the
ce r°r

abscissa V given by

A (n-v.i.,.v,;..) o Mo z_,_!.)"‘( Kex Ve
Bos, Etll

S;n‘Q Cs"e ( Eex Kca\h'-nq Y.

- Ly -
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Deteymine ux/b for each 0'1,

Yo ..
_.Nl‘. z '{3 (“’J‘gfvqu,') L;ﬁo !a’FL

T g (g, Zeg) " 51070 Cus0

' d
Determine hc/b for each CTr

H l
Moh' 0? l"

he o
T A

Determine t for each dt

£/b

v v
te . 203 (I-J,ga, vl,,.) “Mo top
2 mt B e (K, Erg)""'k"" Cos &

Determine 'c/ for each d’f

c/b
- i .
T B) () e (0

Datermine (W - W, a)/b for each O'r

%

Detdermine p’c for each dt to insure 1% remains

belov proporsionsl limit

O = O';; g.‘l
Erx

- 45 -



NAEC-ASL-1109

CHAPTER 2.

KETHODS OF STRUCTURAL OPTIMIZATION FOR FLAT WEB-CORE 8/“DVICH
PAAELS SUBJECTED TO UNIAXIAL COMPRESSION

k. Jptroduction

Consider a flat veb-core sandwich panel, generalized %o

include some arbitrary angle ©, as shovan in Figure k delow.

A 8 ;tf C
/ \Y o ,
( ;i*‘ *19/ ‘ gf

! |
e

prieh = 2(ds + he +ane)
Figure 4

Generaiized Web-Core Sandwich Panel

The overall panel geometry is given in Figure 2.

There are five geometric variables vithﬂwhich to optimicze;
hamely, the core depth (hc), the veb thickness (tc), the face
thickness (tt), the angle the wveb makes with a iin; normal %0 the

faces (), and the distance betveen wedb elements (df).
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The panel is considered to fail {f any of 4Les folloving
instebilities occur: overall instadflisty, local face duekling
in the region from A to B; local face tuckling in the region
B to C; and wvebd element buckliing. Hence there are five
éeonotric veriables and four mcdes of instability. To describde
the instabilidy mathematically, the analyticeal expression used

in each case is the best variable from the literature.
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B. JBlastic and Geometric Constants Associated with Wet-Core

Constryction

The elastic and ge=ometric constants for the web-core
construction can be determined from those given in more general
form by Libove and Hubka in Refsrencs 1,

The area of the core per unit vidth of corrugative

crossection parallel to the yz plane, Iy

c» 18 given by

t h
A o= S c (100
e (dr + b teand®) Cos® (2.1)

The moment of inertia of the core per unit vidth of
corrugation crossecticn perallel to the y-z plane taken about
the centroidal axis of the corrugation crossection, T; is

seen to bhe

3
= . §£ n, Achc

3
I in. 2.2
¢ 12 Cos0 (dr + h_ tand) 12 ¢ ) ( )

The extensional stiffnese of the panel in the x-direction

EA, be given by

EAy ™ EcK; + 2 Ertr (1bs./4in.) (2.3)

vhere Ec and Er are the compressive modulus of elasticity of
the core and face material respectively.
H;glecting $bs shear 3siffness of the facings, the
transverse shear stiffneess, per unid vidth in the x direction,

of an element of the sandwich cud by two y-z planes is seen %o be

- 48 -
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D =0 (2.k)

since there 1is no shear continuity in the y direction for the
vev-core construction. Hence the transverse shear flexibility

parameter in the y direction,V,ia given by

V= -0, (2.5)

Lastly, the moment of inertis per unit width, ft, of
the faces, considered as membranes, wvith respsct to the sandvich
plate middle surface, is seen to be

n_° (1n.3)
i, > (2.6)

S8ince tf<< hc, the core depth, hc, can be taken as the

distance betveen the centerlines of the facesa,

- 49 -
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C. GQgoverning Equations for Papels Composed of Ortbotropic
Materials

Because in Chapter 1, the governing egquations vsre
formulated rigorously for panels with isotropic materisls, and
there tae philosophy and assumptions vere discussed in extording
those exprecalions to panels composed of orthotropic materials,
the details will r ¢ be repeated. The moet general case 11.
the panel vhose face and core are composed of different ortho-
tropic materials, as given bdelov. PFor isotropic materiale, or
the same material used in face and core, the &xpression can be

easily simplified.

1. vera stab
The expression is identical to the one used for tri-
angulated core construction in Chapter 1, Equation 1.63, and is

repeated below:

NX = Fz(Effoa)yzéfhct K (2 7)
2bt *

in thi2 case K, tha buckling zcefficient, is given
in Pigure 2 of Reference 3 for paneis wiin edges simply supported,
and by Pigure b of Referenco 3 for panals vith edges claaped.
Unlike the cace of triangulated core conatruction where V vas
finise, in this comstruction V 412 infinite. The result is
that where for triunéulntod core construction K became constans
for & > b, for vedb core construction K is alvays a function of

a/b.
- 50 -
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%o utilize Pigures 2 end b, or for more ascuraecy %o
uttlilo the general expresaion for K given as REquation 6 of
Reference 3, 1% 1s necessary to determine the rasio of deading
stiffness of the core in ths x direction %0 the dending seiff-
r s of the faces. Usiliziag Bquaticms (2.2) ané (2.6) she

exprascnion can be writiden ass

giii-x"—‘-ﬂzf-)z -tehe . (é.e)
Ecly d(tggu,)vﬁetf (dethe $an®) Cos®

2. Jace Plate Instbebility
Using Equation (1.67), the expression for face duckling
in the region of A tc B of Pigure &k 1s found by setting
bede+2h tan 0, hwty, B =B, Ve )’t, and O -d,. The

resulting expressicn isi

Cp = Mt Eop te*
3( I= ",8' ‘J'") (df + Jh;w)"

* (2.9)

For the face panel buckling in she region B %0 0 of
Figure &, sudbstitusing into Bquasion (1.67) the followimg:
| ar, h = tf, 'o - .ot’ Y- 1’, aed (J = O'f, she folloviag
expreseion is odsained:

3
Ge =+ M 1Eor t {2.10)
3("“!,3',") de*

3. Heb Plate Justedilisy

Aguin using Bquation (1.67), £ b = hc/co-o, hes,
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i !° - l° y V= VY c» and g = de, the expression is soven %0 bde:
e
e 1 bt -]
o= T Eoclte Cos (2.11)
3("\’laov"c‘) R‘L
b. Joad-S3ress Relstionship
Ancio;opn to the development 4in Chapter 1, she face
stross can be related t¢c the stress in the ved elements by
Tce K of, (2.12)
Epx
and the load per ineh, lx, is related to the face stress by
l 7
! Ny = Cp [E‘.E tohe +2t¢ |, (2.13)
|Een (de +hetmue) Cos @
Again, it should be noted that vhere the face material
differs from the core material, the expressions (2.12) amd (2.13)
pertain only %o the yange of loads and shresses less Shan the
P proportional limit of bosth the face and.eorc unaterial. Vhen

either face ox core matericel are stressed dbeyond the
proporsicnal limit an itorat%ive proecedure must be employed

utilizing the properties dascribed im Pigure 3.

5. (] ) ] atio
The veight ejuation, arnalogous %0 the proesdures of

Chapber 1, is found %o be

W-Wad = prh + ?tt““’ 5 (2.14)
(de $hetan8) Cos B
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D. Qtryctyral Optimizetjon of Papels with Facse end Cors of
(] thosr

The important relationst'ps %0 utilize in the optimisa-
tion are the stabilisy expressions given in Bguations (2.7),
(2.9), (2.10), (2.11); and she load-stress relationships givea
by Bquations (2.12) and (2.13). Thbus there are six 2quations,
and the seven unknowvns; 77 hy, ¢, O, df, dt,_and Cro-’ The
seventh equadtion 1is odbsained by expressing the veight oqusilol
(2.24) 4n suitable form, and setting the derivative of the
equation vith respect to a convenient variable equal %0 sero,
%0 obbtain the value of that variable vhich vill insure minimum
veight.

The philosophy of optimisation is identical to Shat
expressed in Bections D and R of Chapter ); namely, that all
independent nodes of fiiluro that cause the panel %0 be con-
sidered structurally unsound mus$% occur simultareously %o produce
a panel of minimum veight.

Before proceeding 14 is interesting to note that sesting
df = 0 in the equations of Bection C above reduce them to the
same Vet giver in Bection G, Chapter 1 tgr the $Sriangulated
construction. Obviously, vith dt = 0, Bquation (2.10) does
nod exist

A% the outset, equating Bquations (2.9) %o (2.10) resulss

in she fact dhat for optimum construstion of web-eore panels

@ =0, (2'1’)
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This is intuitively obvious. The results i that the
exprassions vith vhich to optimize are simplified, and the
sonstruction given in Pigure & can nov be raplaced by the

fagiliar veb-core comstruction.

Proceeding as before, the final expressions for She

optimized construction are vrittenr as follows.

Upiyersel Relationship

Nl
} b (Berkefu(Eemnny)’e nt Kk Eex/ \0

vhere K is deternined from Pigures 2 or & of Reference 3, or

(2.16)

Bquation 6 of Reference 3, in vhich,

Ve Eefy - (2.17)

bl th
Ec;ﬁ - (Ecnfaff' tche = L Ecgtgg S 2.18
Ecip 6(((.[«,).“ te dr b (&)(E‘“E‘y) ( ’

It is also convenient to define & parameter R as:
R= ‘+Z(%§)(E£¥) (2.19)
ko
The optiniszed geometric variables and the optimiszed
veight iu terms of the optimuam face stress (jr, and the load

index (lx/b), are given belov.

Y,
be o {a(te)( ) Bt )"

B oW/ w) Yo
— 2% Y2}/ \ EorEoc R YNy lv)
{3"4 rrki; (?"‘) EFJ:)‘\'VA"V;M)(M.'. V.-.ﬂ I\E‘.‘E',)’/‘ } (2. 20)
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y,

R* v,
d zyg. -V Nync 34._..__,., O’ L
.;{ K% [l v.”,v,,.] ) (Ea-&’q)“l

M (wgopd™ (%)) (#)“'-L—— 2% %) (2. 1)

3*”“’!* (l ipa'fa.‘)m (& 'ﬁ)*

Ee » l-h [("" ngeVyae ) (1-Vage Wyuc) -] (E‘t)

b | (kenkey)(EerEac)

= 1=-Jx ve) (1-Vuge Upne " % b (e.22)
" |G tasted ) () &-:L ‘

te w Jnfl_ (""ILVWL" (C*) (g,l) FL

[y "K E.ch[[&lz“]w (2' 23’
l»"" (1-tgs Vgu)™ [_r_‘r_,_ FL (L (™
(‘ v,a.yv,;)" E(.(Er? E“ (Ef\) R
____l!' » _3_;_&’ [ l“'l"_'l')(l‘\'u!‘w]k’(&)% Rndl
KL (ke Eey) (Zap Eos) s (2.24)
> 3(5)"' (Q—PF) [‘l ~Vha g Vgn e )(I- J'I‘V.MJ% (“F/U)’L
T”('/V (Eht [l,) ‘Cof'-'u.) R“‘

From these exprezsions, some interesting relationships are
derived, namely,

i+ [ (=) )] (.35
t = () ) ) ()] -

?, v (?5)(3) (2.27)
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-Taus in the general case of orthotrupic materials, and
dtrtoxﬁnt face and cors materials, the ratios of (he/dt) and
(QOIQ‘) a¢ vell as the relatsionship desveen ‘hese tvo ratiocs
are independent of load, and independent of boundary condi-
tions for optisum constructien.

It can 8leo bhe shovn that sven in this general materiesl
systsm, the ratio of face veight %o eore veight for gptimum

sonstruetion 14
£ - 2, (2.28)

Thie ratio %00 18 independent of load index or boundary eondi-

%ions, ernd also results in the fact that

L A "‘d
b

. 39;(%) . (2.26a)
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E. JBtructural Optimization of Panels with Faces and Cors of
Different Isotropic Materigls

The resulting expressions for the optimired ztructure
car be obtained from Zquations (2.16) through (2.28) dy alloving
B « B = E E = E = B and )
tx lty of £’ Tex oc ¢’ vzy-u Vyx -V
foy' both face and core material. The results are:

Universal Relationship

_h.‘_‘ s {Z ("'}'1)'“&'/‘1)“’ Er.’h- (ﬁf\) R)"'df,')

b T &, n ro

(2.29)

vhere K is determined from Pigure 2 or U of Roference 3, or

from Bquation 6 of Reference 3 in which

V= e (,2;30)
;% = t(gf)(-i—:) (2.31)

FPor this caese R becomes

R= 1+ 2(5)(%‘,) (2.32)

The optimized geometric variables as vell as the
ainiaum velight expreesion are given in terms of ihe optizum face

stress dt and the load index (l!x/b).

e (05"

- [ (ee)v‘af" % (wate) ™ }V" (33)
T L O e T ()Y
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de . 2" (i,_‘_‘i':)‘ru R o
b wx™ \ vt Ee
¥ |7
= 2% (i-v,Y) (& %y gl o e ¥,

Mgl kK7 (1upy e er) ) R (Het) (2.34)

L/ e W o e g
te = b (vey () EC QR
] H’lKh" 'E‘(V"

b

- o .C'-'o‘)"‘é;“i(e.g)"‘<wx/e)" ,
wk% gy pl er R% (2.35)

toe L 5 ) g

"'L K " E'-Vl. P;,

= A Q-Jg'j% (Mx /a)%' (2.36)
kv (i_vfl)‘/( EFVgE:IeR W

Wt 2 3 Pe (urt (i) 1 RR 0

|4
» “1. |(V‘I.. E:Jh
' y
- 3(b)~(fcff) + (t-w‘)y‘(l‘vp‘)j' (Hglbl.i‘- (2.37)
™ KA e N R"M

From thesas expressions several useful relationeships

can ba derived,; nanmely,
Ya %
he » _ef i-vet\'
P (ev) -,-f) (2.38)
te S WA Y V*!
e (0] e
et (%) () (2.3
_".’.& = [PFY[ ¢
2 (85
(2.b1)

Note 8ll of these expressions for an optimum construction are

independent of boundary conditions and load,
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F. Stryctural Optimization of Papels with Faces ard Cors of the

rthotropic Me

The resulting expressiona‘tor this optimized construction
can be obtained from Equatiohl (2.16) through (2.28) by simply
letting each quantity ( )c = ( )F < ( ).

Ths results are:

Unjiversal Relationship

Ny o A (1dny vy ) Ot (w_w)ss (2.42)
© ke (g™ - /e

vhere K is determined from Figure 2 or & of Reference 3,

or from Equation 6 of Reference 3, in wvhich

Vir ot (2.%43)
and

gl = L. (2.48)

Eele O

The optimum geometric variables as vell as the expressions
for minimum weight, given in terms of the atress, 0 (siuce 0O =

¢ ) or the load index (Nx/b) are given by:

¥,
he o df = J {1/“ G .(ﬁ’.ehl.; : (2.43)
b b ‘K(E ) K¥ (1vegven) ™ (0, )

Ko
YT . A (v (ih)* (2.06)
L SANA (ma)v‘

b b i (e, e, e
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Wond o 8B L (1 vyn) oy
. mik'a gl (E.IQ)V‘ -

321 p (1-vmg ) “(Hr )
i Y gV (E"‘a)w (2.47)

It is seen that for a pe&ncl in vhich the same orthotropic

material 1s used in face and core (and obviously the stiffer

e A

direction placed in the x direction) for minimum veight

construction, the face thi kness and wedb thickness are equal

(tc - tr), and each "cell" is squsre (hc - dt)' Again the facing

veight is tvice the core veight ("rl""c'?)' Then since W =2 rt,,

and for this material system t, = tg, {t is seen that

| ot = fe(y) - 3e(%). (2.4

o
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G. Structyrel Optimization of Panels with Faces apd Core of

the Same Isotropic Material

The expressions can be essily deduced from either
Bquations 2.42 through 2.48 by letting Eo - Rx - ;l,_ - %, arnd
Vay = vyx =)) ; or from Equations 2.29 through 2.4l by
letting ( ) =( ) g = ( ) .

In this construction, since (1) the material is iso-
tropic apd (2) the face streas equals the core stress
(o’; =g, =0 ), the expressions can be employed for loads
x.'olulting in stresses greater than the proporticnal limit dy
utilizing a suitably defined reduction factor q ssuch that
E -r]E. Thus, in the following E 18 used to denote that the

axpressions are valid in tbe range of inelastic deformeasions.

Universal Relationship

e
Ne « 913 (-u—u"‘)/ I (Wewad) (2.49)
b mtE K" b f

The geometric variables and the minimum weight expression can

ﬁe vritisn as:

he L de s [Lo TR (/)™

o b |miKE nrt (Y (2.50)
ava W(roy™ (Nale)™

brate = 30000 2 o 20019 (Walb) (2.51)

N T m KW g W

s
b ~ 1

k' E TR

s (2.52)
< ()£ = 3(¥)- 3p(%).
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E. Derign Procedures for mum Weight Panels of Web-

Sensiruction Upder Usisxis) Compression

This section presents in an cbdreviatad foram the steps

%o follov in determining the minimus veight design curves for
pezels vith this type of conatruction.

1. Reagds in Which Facee and Cors are of the Same
Saetropic Materiel

s, Knovn gquantities:

2 1
e'oop LI&.—’Vtao n./b
g7, ©
S 4
b, Bslect material, and the stress values of
interess. Desermine values of the reduced modulus ¥,
vbere B » V nxt (or equivalens), for stresses s.ove
the proportional limit,
¢. Using FPigure 2 or 4 of NACA TN 2679 determine
the buckling coefficient K from the ordinate for %he

value of a/b given.

d. For sach value of stress valus selected, determine

.’/b i hn oL
"il 3 qri I’J.i:i
b "L K'ﬂ.
h¢ d
6. Delermine —— 2nd —— fOr eash ctrescs value ty
b b
by o dr o [eo "
» & TKE
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t |
f. Determine S& and Eﬁ for each stress value by

- te 3L (1) o
b b "-'-: KVLE'

@. Determine the minimum veight for sach O by

W’WQ‘ = (&)g
b -4
2. Panels in Which Xaces and Core ara of the Same
Orthotropic Materjal
The folloving procesdures apply to stresses bdelov the

proportional limit of the matarial.

a. Knowvn quantities: _
0-00’ :Ci:--

E f‘ff

Vs ad , ‘/b

o -~
-

b. Belect materiel and stress values of interest.

c. Uaing Figures 2 or 4 of NACA TN 2679 determine
the buckiing coefficient X (the ordinate) for the value
of a/b for the panel, or use Equation 6 of NACA TN 2579.

4. Calculate 'o

EQ 3 t[«l‘.[, 4\’,. E, + 2.6';3<|'0/.,1 v,u)]
e. For each.stress value of interest calculate (’x/b) by
L/
Ny , alL (:—v.’v?,)‘dx‘
b otk g (kg )™
£. Determine (ho/b) and (df/b) by

k“é{.. -GdL- ".VL
Y ntk (rag,) s

€. Deternine (tr/b) and tc/b) by
l/‘_
teete . 3 (vngy.) 05 )
& » nl. kv;(z‘ea)yﬁsa L
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' h. Deteraine the minimum veight by

st - ()8

3. the Faces and

Isotropic Naterials

The folloving procedures are applicable for stressec

belov the proportional 1limit of both fuce and core materiesl.
e, Known quantities:
0 =~0°, V=2 , a/b,
b, Belect materials and face stress values of interest.
¢. Calculate

| EL - L(fe)(%) ana R L{&)(%2)

!’pfp ¢ p er (f

4. For this value of BQT;/I use Pigure £ or b of

fIf
NACA 7B 2679 to determine X from the ordinate for the
given value of a/t, or use Equation 6 of NACA TR 2679
to obtain the value,

e. Determine (lx/b) for each CTf by

Ny s (@ (-0 (1v)™ P ) R*or
b "LKOI.' E'r/,, (((.

£. Determine df/b for sach d} of interest by

7 Wy o b
dr 5 _Z_.a (L!s") L M A
LI 1%

1-vpt Ep
g. Determine hc/b for each df by

o . (o 1)
b (50)(2K)" &

h. Determine(t

f/b) for each o’f by
fr e b (e g RY o
& "LK 1Y EFJIL
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1. Determine t c/b for each a‘ by

b~ (§)"(32)" (8]
J. Determine (V¥ - v“)/b for each @', by

Wwat - 30p be
b b

X. Determine dc for each C!'f to insure that both

stresses are belov the proportional limit, by

o = C¢ K
Ee
k. apnels Which Pacee and Core £ t -

sropie Nateriale
The folloving procedures are applicadle to stresses
belov the proportional limit of both face and core materiais.
a. Known quantities:

0 =0° Ve , afy

b. Belect materials and face stress values of interest.

€. Caloculate

55 (g o ce102(3)(2)

d. Caleulate X (1 = o,2)
i

E,{ z % U["_[‘,' + V'.t L+ ZG)-.’& (MI»‘& Yogm‘.i]

e. TFor this value of Rc'f /Zf'ff use Pigure 2 or b
!
of WACA TN R679 to determine the duckling coefficient K
from the ordinate for ths given value of a/b, or use

equation 6 of WACA TN 2679 %o obtain she value.
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DN )
2. Determine X /b for each O/t by

Na e r(l“lir\”w) (hl ,“_) "/t ._
' (&pt.‘_)“'(z,,;,,)"v Lt ( (f"

g. Determine ;c_ for each value of dt by
¥
E&,c (:Et (ngl) .fgfﬁi_..- v
. ““K (Eﬂ (")VL

h. Dstermine 4 for each value of o’f by

t/b
e [ (8 (ctatiee) () ]

4. Determine (t e/ ) for each value of Cf‘ by

f r ‘J Jl .V lol v"
v R 'h?:&';,u]“'(f" (EZ)R iz

J. Dsetermine tt/b for oaeh’ value of dt by

e (b [_'z/:]
b £\ b/ | de/s
k. Determina the minimum veight (H - wnd)/b for
esch value of O by
v_r_-_%a__& 3 3(! (tf)
1. Determine dc for each d’t %0 insure that both

stresses are belov ths proporsional likis

0t = Or Ea
Eex
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CHAPTER 3.

8 AL OPTIMIZATION FOR FLAT, HAT-SHAP

CORE SANDWICH PANELS SUBJECTED TO UNIA
COMPRESSION

A. Introdyctiopn
Consider a flat corrugated core sandvich panel invoiving

the folloving construction, shovn in Figure 5.

1

e/ =Y
X

Pigure 5

Hats-8haped Corrugated Core Construction

In the geometry shovn in Figure 5, there are five
geometric parameters vish vhich 4o optimisze; nanely, the
sore depth (h.), the wed thickness (te), the face thicknese
(tt), the ved angle (6), and the length over vhich the eore

material 1s bonded or othervise intimately joined with the
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feee material, df. This last variable does not exist in the
srianguvlated core construction of Chapter 1.

The overall panel to be considared is shovn in
Pigure 2.

Tho panel is econsidered to have failed if any of the
folloving instabilities oeccur: overall instedbility, loesl face
buekling ‘n the region A to B, local face buckling in the
regien B %0 E, and ved dbuckling.

Henee there are four modes of instability and five
geometric parameters. To describe each mode of instadblility the
analytical expressions used in the optimization study are con-

sidered the dest availadble at this time.
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B. Rlastic and Geometric Constants Assocjated vith Hat-Shaped
Corrugated Core Construction

The elastic and geometric constantes for this type of
construction are given or can be derived from those given by
Libove and Bubka ia Reference 1. In the folloving, the
overall geometry of Reference 1 has been simplified to the minoy
extent that the radii of curvature at points A, B, C, and D 4in
Pigure 5 have been taken as zaro. This greatly ;1Ip11f10l the
;xproalion and does not anlter the resultsc appreciadly.

The srea of the core per unit width of corrugstion
erosseedion parallel to the yz plane, I; is given by

tc(he + 4, Coso@)

- 4 (1n.)

@ Cos@ (dp + h, tand) (3.1)

The moment of inertia of the core, per unit width of
eorrugniion crossection persllel to the yz plane, takxen about
the centroidal axis of the corrugasion erossection zan de

written as

I, "

2
s.b, (hc + 34, Cos 0) (15.3)

12 Cos © (d, + b, tan ©) (3.2)

The extensional stiffness of the plate in the x direesion.

BAxil given by
E t (b, + d, Cced)

EA, = EX + 2K, = i
x e L cond (df+be tano) (1b|f/1n-)

(3.3)

The transverse shaer stiffness in planes parallel
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to the corrugation, the x direction, is founda to be
2
gétchc Cos © (1%./10.)

D -
9, (n_ + 4, Cos0)(d +b_ tano) (3.%)

The transverse shear stiffrness in plares perpendicular

te the direction of the corrugations is given by

S i E 3
D = _mii_Ji (tc) (1bs./4n.)

Y (v ® B (5.5)
The values of 8 to use in this expresesion are given
iz Peference 1 by Pigure 3, as functions of hc/tc, tc/tl’ e,
and y/h.. In this work, p = df+hctan9, @ of Reference 3 1¢
(90° - ©) 1n this report, and t; of Refsrence 3 1s tf in %his
éoport. '
The moment of inertia per unit widath, f}, of the faces

considered as memdbranes with respect to the sandviekh plate

middle surface is four " to be

5 (3.6)

Since tr<<.hC the core depth (h ) can be taken as the
c

aistance betvean the centerlines of the faces.
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C. GQoverning Equations for Panels Composed of Isotropie

Materiesls

l. Oversall) Instability

The bast expression describing the overall instability
of 2 corrugated core sandvich panel under uniaxial compressive

loads i8 given by Seide in Reference 3. I% can be vritsten as!

Ny = miEe Tek _ miteteh K
bt "

(3.7)

This is the same equation as (1.9). The buckling
eoeffieient K 3& found from Reference 3, Equation 6. The
equation for K 1s used instead of utilizing Figure 2 of Refer-
enee 3, because in numerical computations, the minimum veight
eonfiguration results in values vhich are difficult to inter-
polate using the Figure. Making use of the faet that, «s
stated by Seide, only one half sine wave will occur in the y

direction the value of K cam be given as

{(_‘ tv(),? -1-(L::;:)- o, 9 }

iy 12E Z?' ](nu iy ry

e’

K=
. o e (3.8)
l"FL'f'['.z\l_f +F:+(|-Jr‘)q-’;‘-:J ~,4—(:f '—;f g-‘-l- ry
| T L N
+ 2(]?")( P; ) + ’1 %(l"f’ —ZEE ."‘_l) f‘,n"}

o TR o
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vhare R = the number of half sine vaves in the x direction

"_3

”

(L 13
.3
0

L
~

4 L.
[ ]
-
Lo ]

The general characteristies of this equetion are

diseussed in more detatl in Chapter 1, 8eetion C-1,

2. Face Plate Instabiiity

Referring.to Figure 5, the Zfacings can buckle in the
regions betveen points B and B, 6Bince the suppors conditions
a% % and B, the unloaded edges, are unknown precisely, it 1is
ccnservative to assume that they are simply supported. For
suech a case the lower bound of the buekling coefficient for
this econdition, vhere the length to width ratio is greater than
unidy, is equal to 4. The wvell knovn buckling equation to
descwibe this instability, vwrittem in terms of this construction,

is fouand %o bde

TIZEF tF‘L
3(1v¢t) (df + 2ha8) (3.9)

L 3

Likevise, 1t 18 possidble for the face plate betveeon
4 apd B %0 buekle. Im this region, since the core material and

dhe face material cré intimetely joimed or bonded in some way,
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the plate element has a thicknese of (t' + tf). If the
eonstruction involves the same material for both faciag amd
core, the expression for the critical stress is found to be,

sssuming zimply supported edges,

op « M- € (tu+te)”
3ivY det

(3.10)

The expreseion vill be more complicated if the faee
and gore materials differ because there will be a shift il the

neutral axie from the centr-oiad.

3. VWeb Plate Instability

8imilarly the local plate elements of the core ease
become unatable due to the core being directly aubjected to a
portion of the axial loading, Hx. The conservative assumption
is also made here that the web elements from B to C and D to X
i Figure 5 are simply supported along the unloaded edges, since
the aoctual boundary conditions are somevhere betveen the simply
supported anzd elamped boundary condition. Hence K = h for these
elements vhich have a length in the x direction greater than the
dimensions of B to C and D to B in Figure 5.

In terms of the symbols of Figure 5, the plate
buekling equation is easily determined to be

o= B 4.' (3.11)

3(I'Vc') het

Bqustiorn (3.11) is of course identicel to

Bquatioa (1.12).
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4., Load-Stress Relationship

Following the developments of Chapter 1, Sectionm C-U,

it 1s easily shown that for uniform strain on the losded edges

Co: G be
- 'L (3.12)

Likevise, it is seen that

Ny s GeAc + 20pte (3.13)

Bubstituting (3.1) and (3.12) into (3.13), the load-

stress relationship for this construction i1s given by

N, - c’;[g‘- te (het de CGasO) +Z{.FJ

EF Cos@ {df +hetand) (3.14)

Agein relstions {3.12) and (3.13) are only applicable
vhen both the face material and core material are stresesed bdelow
their proportional 1limit. However, wvhen the core and face

materials are the same then O’c = O, and Equation (3.1h)

| ¢

applies over the entire stress range.

5. Xelght Relation
The weight equation 1s seen to be
W = (’c.Kt. - Z(th +Wad,

vhich for this particular geometry becomes

W-wd- fot{.(l‘("‘d}'&ms) + 2
Cos © (dp + he taw6)

prte (3.15)
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D. Btructural Optimization of Panels vith Faces and Core of

the Same ;lotigy Material

The governing equations pertaining to this construction
given in the previcus subsection can be simplified Af the facing

and core are made of the same isotropic materials; namely,

R, =% X V - Vr =V , and o’c - a’t = G . The results are:
Nk’ "1E tF"\g}'K (3.16)
2b*
Qs TT"E- ff"
3099 (e +2hetaw®)” (3.17)
o= m*E (tn-tp)" - (3.18)
3(h-vY de*
g = niE te Cos'® (3.19)
3(v8 het
Nx' (o4 [h. ('\c*""“ﬂ +be] (3.20)
Cor® (de+ hetaw ©)
WeWed = g[*c(""“"‘“’) +2J:FJ (3.21)
Cai 9 ( ¢f + he tan®)

In the adove, the % 1s a reduced modulus of elasticity if the
stresses are adbove the proportional limit.
Inmediately from (3.20) and (3.21), 1% is seen that

N;&;(W_-_w_‘;i)?i and w.(&f)g

o b .
-75-
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The philosophy of optimization expressed in Chapter 1,
Bection D is utilized here.

Looking at the eet of Bquations (3.16) through (3.22)
the kxnovn or specified quantities are the applied load per inch
('x) and the panel width (t) which can be grouped together as
the 1load index ('x/b)’ and the material properties B, V and e -
The buckling coefficient K is & slovly verying psrameter of the
dependent variadles vhich is considered here as a constant,
but will bs discussed in the next section.

¢
apd ¥ - 'ud' Thus there are six squations and seven unknowvns.

The dependent variables are t , he, tc, e, 0, df,

Turning first to Bquations (3.17), (3.18), and (3.19),
it 4is found that the minimum veight structure for iho construction
show by Pigure 5 occurs vhen

@ = - 30°

and e v _2tehe = 2(|-v1)““hc dl‘b

(Mde - Lhe) me'h (3.23)
and tp * (3de-1he) (l-u ) ""dk
[ Aa

Thus the minimum veight panel with this type of

construction has thae geometry shown in the centerline sketch below.
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This leaves much to be desired from a practicai viev-
point, hecause of the larger angles througk vhich the core
material must employ small radius bends in conjunction with the
comparatiely large regions AB over which loading 1s required.
Hovever, to have the angle 6 » - 30°, implies that the critical
stress for the plate element from A to B will be greater than
either the critical stress for the plate element from B to K,
or the core plate element from B to C.

Although a geometry in which @ »- 30° 1s not a true
minimum veight construction for hat-shaped corrugated core
construction, 1t is of interest to investigate the "optimum”
geometry under the constraint that © 3 0° {to avold a small
radius bend in the core material of greatsr than 96), vhich
implies the elimination of Equation (3.18) in the folloving
development. Thus, zuch construction can bé compared to the
triangulated core (truss core) and the web core construction,
optimized {n Chapters 1 and 2, respectively, Now, there are
five equations and eeven unknowns. It would therefore be desir-
able through manipulating the governing equations to obtain the
velght equation in terme of two dependent variables. Hovever,
due to the complexity of the equations, it i1s not possidble to
uncouple the dependent variables in such a manner to accomplish

this. Hovever, appealing to the fact that ths dimension d, 19

¢
often determined by manufacturing limitations and restrictions,
or could even be specified by some other consideration, we can
consider it ae a constent, and investigate the optimum coanstruc-

tion for a number of specific values of dr. The weight egustion
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can Bov be obtained in terms of the variabdbles hc and 0 (although

other variables could pessidly have been employsd).

W-wed = 3p(df+2he tawd) T2E heH k¥(1-02)

{3.24)
Yo'u,

In the range of variadle 9, 0° € 0 € 90°, 1t s

obvioue that the veight vill be least vhen @ = 0°.

With @ = 0, %ac set of governing equations decomes the

folloving:
T E bt
Nyz 1 fb:kc K (3.25)
cr ME tet (3.26)
3(1v Y de*
ge MIEES (3.27)
3(!-0")&"
Ny + d[tc (he+o¢f)+z.£,] « wwd) & (3.28)
i ¢
Wl © c[tc. te(ne +4F +z+,,,] «Nx (3.29)

With the set (3.25) through {3.29), it is still not
possible to separate the vaeriasbles in such manner as to odtain
explicit solutions, as vas done in the case of the triasngulated
core construction, the veb-cors comnstruction, or the honoyc_o-b

core construction in Refersnce 6. A numerical, iterative scheme

must therefore be employed.
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A great variety of iterative techniques could de
eaployed. Hovever, experience vith numerical examples,
discussed in Chapter & of this report, indicates the folloving
as the most direct.

Prom (3.26) 1t 1 easily seen that

te o 3% ()" (&) ok
b

i (3.30)
From (3.25) and (3.30),
he « 27 (Naie)"™
v EWh gy (v (de) " oy (3.31)
Prom (3.27) and (3.31), it is zeen that
te . M09 (:)}')hd% (3.32)
b

o Wk ()N

Substituting (3.30), (3.31), and (3.32) into (3.28),

the folloving relation is obfuincd.

A A W b/ W ‘h(umbfiq*v
Ny 5 o f 20" v (4)o* | a9
'f’ d[ T E"n - * T g% K% (de/o)"™

+ 2 (Nx/b) (3.33)
at EK(defo)”

This is the "universal relation" relating the applied
load ('x/b) to the stress O’ , for a given or specified value

of (d;,/b ).
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In this optimization procedure, use is usade of the

fact that in solving (3.33) for a given losd (’xfb)’ for

/ /)

vhich results in the highest vaiue of stress (O is the value of

various specified values of ‘dr b)’ thet value of (dr

(‘t/b) whicb will result in minimue veight, according to

i‘ultion (3.22), since v-u

ed 1s inversely proportional to G .

The itorative prgccduro is nov explained in detail,

for a psnel vith specified load index (lx/b)’ to obtain a
minimun veight constiruction.

1. Knovn quantity is 0 = 0.

2. 8elect a material of construction.

3. DRstimate a value of the buckling coefficlent K

b. Belect a value or(df/b)

5. Bstimate a stress value

6. Determine E for the assumed stress in Bted 5,
Belov the propértioncl limit E vill be used, above the
broportioncl limit B = —{ii: may be used (see footnote,
Chapter 1, Bection H)

T. BSubstitute these into Equation (3.33) to see if
an equality is obtained. If the right hand 3ide is
less than 'x/b specified, the assumed stress is too
lov, and conversely. Rapeat steps 5,6, and 7 until an
squality 1s obteined. This is the solution for the
seleoted value of (dr/b)°

8. Belect anciher velue of (df/b) and repost

steps b through 7 until a valus of (dt/b) is found which
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[ has the highest value of O as a solution.

9. PFor the value of (d4_, ) which has the highest

£/b

value of O as its solution, solve for (tt/b)’ (tc/b)’

end (hc/b) using Eguations (2.27), (2.28), and (2.89).
10. V¥With these values, uiing relations derived

previously, solve for

. s fo _ 1 (teto) ["‘f * 3@5)1
1 Ie G (te/s) G!.f)

.« prETE | WY/ he/v)
IR 2 () () g (]

wvhere 8 is found in Figure 3, Refereuce 1

Note: © of Reference 3 is (90° - 9) in this

report and p = dr.

o, s wE(ev) (4) [(osp) + o) | (4%)
(L)

11. Solve Equation (3.8) for K. DBecause of the

characteristics of K, one may acsume ¢ value of u = }
and @ = 1.6 for a good approximation. Hovever if an
exact value of K is req ired one c&n 1ot'n = 1, end
vary P until o minimum is odtained.

12. Compare the calcuisted value of K from step 1l
vith the value assumed in step 3. If they do not meteh,
repeat steps bk through 12 until the assumed value equals
the calculated valus.

13. For the finel sclution of step 12, values of tt/bn

tc/b’ and hc/b vill beve bean calculated ia step 9 and
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the opticum stress from step 8, nov calculate the

veight by
V-u |
4 . (y ©

(o4
The optimization vill nov be completes.

The optimisation of this type construction involving

differeat core end face materisls, or orthotropic materials

wvould be incressirgly complex.
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CHAPTER &

BXANPLES OF OPTIMIZATIOR STUDIRS OF FLAT CORRUGATED CORR
SAEDWICE PARBLS 8UBJECTEZD TO UNIAXIAL IR-PLANE CO!?!]BB]O!

As an exeample of the deeign procedures given in

Chaptez 1, Sectiorn % of this report for triangulated core

(single truss core) panels, design curves have been consiructed

ior the follov?):, material systems, vhere the numbers will de

used to 1dentify the materials in the Pigures vhich follow:

1.

ha.

bb.

5.

AIBI N340 ateel: 200,000 psi level. Bource -
NIL-EDBK 5, page 2.3.1.2.h.{a).

7075-76 aluminum (cled). Bource - NIL-HDBK 5,

page 3.2.7.1.6.(s).

181 gless fabric laminate vith polyester resin.
Bource - ANC-17, page 33

Paces - AISI 4350 steel: 200,000 psi level

Cors - 7075-T6 aluminum (clad)

Bources - sse matericls 1 and 2 above

Faces - T075-T6 aluminum (clad)

Core - AIBI h3ho steel: 200,000 psi level

Bources - see materisls 1 and 2 above

8994 -~ 181 HTS glass fabric, ERBB - Clll resin
Bource - letter from K. H. Bollo}, Forest Products Labd.
to R. J. Molells, N.A.R.C., dated Beptember 30, 196k
143 glass fabric laminate vith polyester resin

Bource - KIL-EDBK 17 - CR - 1
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7. 143 glass fadbric laminate with epoxy reein
Source - MNIL-HD3K 17 - CN - 1

8. 181 glass fabric laminate vith epoxy resin
Bource - MIL-HDBK 17 - CK - 1, p. 2-5h,

9. 120 glass fadric vith epoxy resin
8ource - NIL-HDBK 7 - CK - 1

10. Crosse Rolled Beryllium

Source - "Beryllium in Aerospace Structures”

All calculations have been carried out for the panels
with simply supported edges. MHaterials 1, 2, 3, 5, and 10 are
isotropic. Materials ha and 4b,although isotropic,involve cores
end feces of Aifferent materials. Materials 6 through 9 are
orthotropic.

Pigure 6 provides ths "universal” curves for the
isotropic materialsc, vhere both core and face are ths same
matsrial, vhere the stresseos have been includsd to the limit to
vhere tangent moduli{ curves extend. The tick marks indicate
the proportional limit. As steced previously for each specified
loed this curve shows the unigque value of strese vhich results
in ¢ minimum veight structure.

Pigure 7 presents the veight of optimum (minimum
weight structure for the materials shown in Pigure 6. Ths
subscript T indicates trisngulated core construction. bcshcd
curves ol material 2 and 5 hava been included from Rcrcéonoc 8
for honeycuvmd sandvich construction. It is seen that the |

sluminua truss core construction veighs leea than the stsel
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truss core construction over the entire strese range that
aluminum is applicabdble, hovever, there is a range of very high
loading in vhich only the steel truas core construction can be
used. It is also seen that at lov values of load index the
aluminum truss core construction veighs less than the reinforced
pleastic truss core construction, but at higher load values the
converse is true.

It is elso seen that the honeycombd construction in
all caseés veighs less than the triangulated core (truss core)
conatruction over the range of loads that honeycoib core con;
struction can be used. Hovever, depending upon the method of

Joining faces to core the adhesive veight, W vhich must bs

ad’
added in each case may be the deciding factor in vhether the

total veight, W, ie less for one or the other construction.

However, it is important to note that in each case the honey-
comb core cons“ruction is restricted by the ulti.sate compressive strength

of the face material in the amount of ioad the panel can carry. For lvads
which exceed the ultimate strength of the faces of the honeycomb core panels,

the corrugated core constructior is the only one which can be used for optimum

design.
Figure 8 presents the comparative veights for all

ten material systexms listed previously, over the elastic renge,
i.e. streas belowv the proportional limit. The Figure illustrates
several interesting points for room temperature truss core

panels under axial compressive loads. It is seen that

beryllium is significantly better than all other materials
investigated, but has the disadvantage that only lov loads cen

be carried and yet retain the beryllium in the elastic range
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with optimum construction. Hovever, it is significantly superior
to other systems that a non-optimum configuration might veigh
significantly lees than an optimum construction of another
materisl. PFurther, the non-optimum construction mighkt increass
the load carrying ability for stresses still in the elastic
range. To reiterate, beryllium looks so promising that even a
non-optimum construction which would extend curve 10 upvard and
t0 the right might etill Ve superior to a minimum veight
(optimum) construction of some other material.

It 1s seen that 7075-T6 aluminum is the second best
of those investigated, over the range in which it - licadble.
It {8 seen that aluminum is somevhat superior to t Jk-181 ETB
glass fabric with BRSB - 0111 resin material over the entire
range of applicabdility.

However, it 1s seen that the orthotropic reinforced
plastics, materials 6, 7, 8, and 9, are all very close together
over the lover load range, but the 143 gless fabric lzwinated
vith either polyester or epoxy resins remain in the elastic
range to significantly higher loads than panels made of
7075-T6 sluminum for instance.

It 1is seen that steel construction is never competitive,
and that for combinations of steel and aluminum, it is much
better to use the steel for the faces and the sluminum for the
core material.

In coxmparing the veb-core construction of Chapter 2

with the triangulated core construction of Chapter 1, use is made
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of EBquations (1.36) and (2.52), for a peanel with face and core
of the same 1sotropic material. It 4is found thet for any load

index, (nx/b)’ and Tfor stresses below the proportional limit,

- W, 3 X
( b )w;b N ZA' Ktrinﬂ\ Y

(r N w&d) 5?1 Kyeb /
b T?hzr

The buckling coefficient for the triangulated core for

(h.1)

e panel vith gimply supported edges, since BCT;/EfT}, and since
V4«1 for the optimum configuration is 4.70 for a/b 2 1.2,

However, the buckling coefficient for the wed core
panel, since V = o0 vartes with @/b over the entire range.
B8ince lci;/Bri} = 1/6 for the optimum construction the buckling
coefficient is found to be X = 1.0, 0.87, and 0.67 feor a/b of
1.2, 1.6, and 2.0 respectively. Substituting these values into
Equation (4.1) the ratio is seen to be 1,11, 1.15, and 1.225
respectively for the a/b values calculated. Hence, optimum vweb
core construction wveighs 11%, 15% and 22.5% more than optimum
truss core construction for a/b = 1.2, 1,6, and 2.0 respectively.
Physically, the reason why the wedb core construction 1is less
attrsctive 1s bocause of ite lack of ability to resist transverse
shear in the y direction. It is true that as the length to vidfh
ratio decreases belov unity, the optimum veb core construction
vill veigh lces than the optimum truss core construction.

Turning nov to the comparison bstveen the hat-shaped

corrugated core and the triangulated core (truss core) type
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construction, an inveastigation vas carried out with 7075 - T6
slurninum panels, TYor the truss core type construction for a face
stress of 40,000 pei the nx/b ie 156; for a fabe stress of
20,000 psi the xx/b is 39. Hence, the hat core construction vas
investigated for tvo cases, Nx/b - i?é and Rx/b « 39,

The optimum angls @ = 0° 1s shown 1a Chapter 3.
Folloving the ds2sign procedures given in B8ection D of that

chapter the following is seen for optimum configurations,

Example 1 X = 156 psi, 7075 ~ T6 aluminum

x/b
Hat Core Trianguleted Core
0 = 33,000 psi G = 40,000 psi

0 - 0° ® o« 32.4°

- -3 [ ] N -3
tf/b 1.33 x 10 tr/b 1.0 .x 10

- -h - -k
tc/b 10.9 x 10 tc/b 9.7 x 10
hc/b = 0,038 hc/b « 0.02526

-U 3 -k

(w-au“/b) - 4,72 x 107" ib/in (w-w.d/b) - 3.903 x 10
de

— = 0.0%
= 5

* See discussion on page 77,
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Example 2 K = 39, 7075 - T6 aluminum
x/b

Hat Core Triangulated Core
0 = 16,000 psi g = 20,000 psi
9 e« 0° o - 32.4°
) -h -h
te/p " 6.18 x 10 tefp = 5.2 %10
-4 -h

- . - b,
tc/b 5.66 x 10 tc/b 867 x 10
By /p 0.0281 bc/b = 0.0179
(W-Woq/n) = 2.36 x 20 1b./tnd  (W-¥ . ) = 1.951 x 10°* 1b/1n3

.d/b . . ﬂd/b .
a
£
— = 0.030

It {8 seen that in Example 1 the hat core construction
i1s 20.5% heavier than tne triangulated core construction
subjected tc the same load (Nx/b); in Example 2 1t is 21% heavier
compared on an equal loadiné basis. It is felt that in every
case the triangulated core comnstruction will be superior to the
hat shaped core constru.tion; hence, further examples (which are
inborioun) were not carrisd out, nor vere optimization
procedures derived for dissimilar materials in face and core,

or for orthotropic materials,
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CHAFPTER 5

CONCLUSICRS

Utilizing the methods of structural optimization
derived in Chapters 1 and 2 of this report, and the methods
derived in Reference 6, optimum honeycomb sandvich construction
veighs less than optimum triangulated, corrugated core construc-
tion, wvhich in ¢turn weigha less than hat-shaped corrugated core
constructicn, over fhe load range vhere comparisons ars possible.
Bovever, the triangulated core construction can bte used for locads
8ignificantly greater than is possible with honeycomb sandwich
construction. Also optimum web core construction veighs more
than optimum triangulated core construction wvhere the length -
vidth ratio of the panel equals to or exceeds unity for the
&examples studied.

In the triangulated core construction (single truss
core), in which the faces and core are composed of the same
nlte;ial, be 1t isotropic or orthotropic, 1t 1s found that the

ved angle @ (see Figure 1) 1s always constant (6 = Sin-l

(2/1)*%

that the waight of the core is always 7/8 the weight of the

- 32.&0) for optimum, minimum weight construction, and

facee. These are independent of the materials used, the
boundary conditions or the magnitude of the load index.

For the web core construction 1t is found that for
any material sysiem, minimum velght occurs vhere © = 0° :ad the

face veight is twice the core veight. In addition, wvhen the

o 9 o
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same meterial 13 uvsed in bgth face aznd cora, be it iaciroplce

or orthotropic, the face thickmess T, esyuslis the ccre wab
thickness t.,end the ccre deptih (hc} equals the 2ps=ing detwveen
vebe (df), in optimum constructiorn.

One venefit derived by the deveicopment of wmethodas of
analyeis for optimum {minimum weigh®t design) structures, other
than the obvious benefit, 1is that 1% ensblze ithe dwmsigaer to
compare tne absolute minimum weight construction with the
construction employing commerciaily availabla sizes that
approximate the actual optimum dimensions. In this vay he can
more rationally assess the following consideretiocns: the
veight penalty of using commercially avalileble materiels or
the cost penality of using non-commerciaslly available gizes to
obtain minimum weight. Obviously, thie is a function of tha
specific applicaticn.

It 18 also recommended that a test program be designed

and executed to evaluate the present optimization procedurss,
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