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FOREWORD

This report is one of four reports to be prepared by Structural
Mechanics Associates under Navy Contract No. N156-46654. This con-
tract was initiated under Work Unmit No. 530/07, "Development of
Optimization Methods for the Design of Composite Structures M:de
from Anisotropic Material” (1-23-96) and was administered under the
direction of the 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:

NATC-ASL-1109, "Structural Optimization of Corrugated Core
anc 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 Under In-Plane Shear Loads
and Combined Uniaxial Compression and In-Plane Shear Loads."
dated 1 June 1967. Forwarding date, July 1967.

NAEC-ASL-1111, "A Method for Weight Optimization c¢f Flat Truss

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

This report presents the development of rational
methods of structural optimization for flat, corrugated core
(single truss core) acd wab-core sandwich panels under tvo
ioudinc conditions: in-plane ;heur loeds, and combined uniaxial
compression and in-plane shear loads. In the latter loading
condition uoc ie wade vl tue metnoas aeveioped in Reference 1
for these panels subjected to uniaxial compressive loads.

These methods provide a means by which minimum weight
structures can be designed for a given load index, plate width,
length, and face and ccre materials. Of equal importance is the
fact that the methods developed can be used as a means of
rational.naterial selection by comparing weights of optimum
conetruction for various material systeme a3 a fuaction of
applied load index. The methods developed are sufficiently
general to account for orthotropic or isotropic face and core
materials and various boundary conditions.

In Chapter 1, methods of optimization are developed
for flat triangulated core (truss core) sandwich pancls subjected
to in-plane sheer loads. Chapter 2 provides methoda of
structural methods of optimization for web-core panels subjected
to in-plane shear loads. In Chapter 3, a sample comparison is
made betveen optimum construction of single-truss core, web-corae,
and hexagonal homeycomdb core sandwich penels subjlected to in-
plane shear loads. Methods for the optimum honeycombt sandwich
panels vere developed in Reference 2 and the design procedures

-~ 1ii ~
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presented in Refercnce 3. Chapter b presents methods of
optimisation for triangulated core panels under combinations
of longitudinal uniaxial compressive and in-plane shear loads.
Chapter 3 treats vedb-core panels subjected to these combined
loadings.

In each chapter design procedures are given in detail
for the design engineer to use.

It should be noted that steady state temperature
effects are also oa;ily accounted for by the methods developed
herein. In a panel at a given temperature condition it 1s
simply necessary to utilize the stress strain diagram or the
tangent wodulus-stress dliagram and other pertinent material
properties of the desired materials for the temperature of the
panel. Loads caused by thermal restraints must be included in

the load index along vith the mechanically induced loadings.
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ADTATION
Panol dimsnsion in the x direction, in.

Arsa of the core per unit vidth of corrugasion
crossection parallel to the ys plane, in. (see
Equations 1.1 and 2.1)

Panel dimension in the y direction, 1in.

Dilonlion in the y direction over vhich face and
core material are bdonded or fastened together, in.
(see Figure &)

Transverse shear stiffness, per unit vidth, of a
beam cut from the panel in the i direction (1 =

x,y), lbs./in. (see Equations 1.k, 1.5, 2.4, snd
2.5

1l
g'litthce, l1be./in. (1 = x,y)

Nodulus of elasticity, 1bs./1n.2

Hodulus of elulticéty of corrugated core sheet
msterial, lbs./in.

Modulus of elasticity of face zheet materisl, lbl./in.e

Definitions given by Equatiom (4.9)

{_Eu’ Elx /(' xa‘ V,u., (‘- = ¢,f)
Reduced modulus of elasticity, 1lbs./in.2

Bhear modulus, 1bl./1n.2 (1 = e,f)

-vii-
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]

e

Core depth, in.

Moment of inertis of the core, per unit vidth of
the corrugation crossection parallel to the ¥z
plane taken about the centrojdal axis of the
gorrugation crossection, in.> (see Equations 1.2
and 2.2)

Moment of inertis per unit vidth of the faces
considered as memdbranes, vith §olpoct to the sand-
vich plate middle surface, in.° (see Equations

1.8 and 2.6) . '

Buckling coefficient
Definition given by Equation (1.19)

Buckling coefficient

‘Definition given by Bquationm (1.10)

Buckling coefficient for web element
Buckling coefficient for fece plate element
Definition given by Equation (4.8)

Compressive in-plane load in the x direction per
unit panel width, 1lbs./in.

Critical compressive load in the x direction per unit
panel vidth, 1lbe./in.

Bhear force per unit vidth, lbe./in. (Defined as
critical shear load/inch in Chepters 1, 2, and 3,
defined as applied shear load/inch in Chapters &

~and 5)

-viii=
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Critical shear load/inch in Chapters U and 5
2

"EE 81n°0 Cos ©

te

Thickness of core wvedb, in,
Thickuess of facing material, in.

Core transverse shear flexibility parameter (1 = x,y)

Total weight per unit Blanforn area of panel
construction, 1bs./in.

Weight per unit planform area of core (i = ¢) or
facing (i = f) materials

Weight of adhesive or other juining material bot!oon
facing and core per unit planform area, lbs./in.“

Panel in-plane coordinate (seea Figure 2)
Penel in-plane coordinate (see Figure 2)

Panel coordinate normal tollid-plnne of'pnnol (see
Figures 1 and &)

(Beyrn) /(0 pp)

S8hear sirain (in./in.)
Definition given by Equation (5.4%)
Shear angle (see Figure 3) (i1 = ¢,f)

Plasticity reduction factor
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% Definition given by Equation (4.11)

® Angle ved materisl makes with a line normal to plane
of faces

v Poisson's rstio

& Density, 15-./1::.3 (1 = ¢,t)

o Stress, psi

Ty Principai stress, psi

' Shear stress, psi (1 = ¢,f)

g Definition given by Bquation (4.10)

- X e
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CEAPTER 1

NETEODS OF STRUCTURAL OPTIMIZATION FOR FLAT, TRIANGULATED
(SINGLE TRUSS) CORE SANDWICE PANELS BUBJECTED TO IN-PLANE

SBHEAR LOADS
A. INTRODUCTION

Consider a flat corrugated core sandvich penel
{deallzed by the folloving construction, shovn in crossection -

in Figure 1.

Figure 1

Triangulated Core Sandvich Panel Construction

There are four geometric variables with vhich to

optimize; namely, the core depth (hc), the web thickness (tc),
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the face thickncll.(tf), and the angle the ved makes vith a
limne normal to the faces (0).
The overall ptnoi to be considered is shovn in

planforms in Pigure 2.

N,
_'.__.'-—:‘—_‘_“_'—"3'
(T i
. d, ‘Wl

N
| 5| r
Ny

Pigure 2
Planform Viewv of the Panel

This panel of width b and length a is subjected to

in-plane sisar loads X, ., and K x (1b./in.) as shown in

4
Pigure 2.

This panal is considered to fail if any of the follow-
ing inatabilities occur: overall instabiliity, local face shear

instabdbility, and shear 1nltnb111§y in the veb. Thus there are
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three modes of instability, and four geometric variables vith
vhich to optimize. To describe each instadbility, the
analytical expression used in the folloving is the best

availadble from the literature.

st




NAEC-ASL-1110

B. ELASTIC ARD GEOMETRIC CONSTANTS ASSOCIATED WITH

TED CORE CGNSTRUCTION

The elastic and geometric constants for the
triangulated core construction can be deternined from those
given in more general form by Libove and Hubka in Reference &.
In the core construction given in Figure i, the folloving
constants are obtained.

The ares of the core per unit vidth of corrugation

crossection parallel to the yz plane, i;, is given by
t
T - .E___ (10.) (1.1)
c
8in @

vhere the symbols are defined in Pigure 1.

The moment of inertia of the core per unit vidth of
corrugation crossection parallel to the y: plane, taken about
the centroideal axis of the corrugation crossection, i;, is

seen to be,

_ th? An?
] «_S ¢ . ¢ (1n.3) (1.2)
¢ 12 8in @ 12

The extensional stiffneass of the plate in the x

direction, le, is given by

EA_ - nci; + 2 Bt (1bs./in.) (1.3)

vhere lc and E, are the moduli of elasticity of ths core and

face material respectively.
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The transverse shear stiffness, per unit vidth in
the y direction, of an element of the sandvich cut by two

xz planes, qu’ is found to be

octc Cos ¢ (1b./in.

- 1.k
qx tan O ( )

D

The transverse shear stiffness, per unit width in the
x direction, of an element of the sandwich cut by two ye

planes, D is given by

qy’

Bb B_ v (1. /1a.)
D - . n. 1.
v TR i (1.5)

vhere vc is the Poisson's ratio of the core material, and

8 = ;f;! 5102 @ Cos © (1.6)

[

Hence substituting (1.6) into (1.5) vesults in

gctc 2
D e _—_"___ Cos“ @ 81in ¢ (1.7)

Y (I_QHZ)

This expression agrees vith that deterained by Anderson

in Reference 5.

Lestly, the moment of inertia per unit width, T of

t’
the faces, coneidered at memdranes with respect to the ‘andvich

plate middle surface, is sesn to be

2
t b
I, - _f°

. (1u.3) (1.8)

2

C AR
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C. GOYERNING EQUATIONS FOR PANELS WITH FACES ARD CORES OF
DIFFEREKT ORTHOTROPIC MATERIALS

S8ince panels in wvhich the faces and cores utilize
different orthotropic materials is the most general materials
system considered in this study, it is convenient to derive
all expressions and subsequently perforam the optimization for
this case first.

1. Overall thbilitx

The best analytical expression describing the overall
instability of a triangulated core sandvich panel under in-
plane shear loading is given by Equation (B), paragraph 4.2.2.1,
page 84 of Reference 6. Thet equation, pﬁf-in the terminology

used in this study, is written as

Ky 2
% « (EEex) | ' J (1.9)

(I'Vn"v'xf) b) | + H[K"(V!O) - .J
Kn

vhere:

'q V.
KM' 3.6.1-25,,6;1'3!! *A[Eg"'?{] -

L (1.10)
I+ (B.C. w.c;)Ya + (E} + B,CL)V,‘ + Yy A
C“ 8, Cy
no G B 2 2 Cq
= C,Cy - By Cy + BC, (BC) + 2 BC, + ;;) (1.11)
E
£
B = —L (1.12)
xfx
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v
P = xyf xyf xyf Ly xyf (1.13)

)
a7 X5 (1.18)

-1 00} | 2
A r 1%_2 tan 0 (b, b Vit o
o

(1.16)
¢ 2 1
(L) (&) 2
t ) Cos © Bim @ J
[

cl through cq are given by Equatiexs (7) through (10)
in Reference 2 for various boundary conditions, vhere for sheear
loading n = 1 only in the expressions.

In the above sulbscripis ¢ and £ refer to the core aad
face respectively, and Oxy refsrs to the in-plane shear stiff-
ness of the material. T is the im-plane shear stress, and

I‘ (Ve0) refers to the value of Equation 1.10 where ‘fx-'V;-O.

- 7T -
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The coefficient J§ is found by Figure k-1, page 8%,
Reference 6 for orihotropic panels vith simply supported edges
vhose axes of elastic symmetry are parallel to the edges.

In this Figure, J 1is plotted as functions of 32 above and l/r
vhere

1/4 (1.17)

" =

« b,
;‘(Efi)

It is convenient to resvrite Equation 1.9 as

3, |1/ 2
Tp = (Bey Bea) Cey 7 (1.18)

(1-v )

xyf’&xf

J
vhere § = L Ky (V=0) ] ]] (1.19)
K" :

2. Face Plate Instebility
Looking at Figure 1, it is seen that each plate

element of the faces from A to B can buckle due to the applied
shear loads ny and Nyx. 8ince the support condition of the
plate element along the edges depicted by A and B are not

knowvn precisely, it is conservative to assume thit they are
simply supported edges. For such a case, the governing equation
1s given by Bguation (9-29) of Referemce 7, for an orthotropic
plate vhose axes of elastic symmetry arev parallel to the edges,.
Placing the equation in the terminology used herein, and sinmce

 Jo = Th , vhers h 1is the plate thickness

-8 -
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3 1/b 2
N s
(1-v_. ¥ )
3 :y yx.

In this expression k is a coefficieat plotted in
Reference 7, Figure 9-42, as a fumctiom of $vo parameters
p and %‘ « It is obvious that 1if P - %’and é‘- 32, Shen
Pigure 9-42 of Referemce 7 and Figure b-1 of Referemce 6 are
1dentical. Hence, the k Of Equation 1.20 is identical %o Sthe
J of Equatiorm (1.19).
From figur; 1, 1t is seern that for the face plate

imstability h = ¢, apd b = 2 h  tan 0, hence, Equation (1.20)

£

is written as

2
3 1/h s
12 (l"vxyfv;xf) hc san’ @

where kt s determined as J in Figure A-1, Referemce 6, in

which for this plate element Ba i1s givem by Bquation (1.13) am4d

1/h
(i / (1.22)

l o 2hctun 0
a . xfy

r

3. Web Plate lmstability

Likevise the local plate elemeats of the Srimsmgulated
core camn become unstable due to shear siresses induced imto the
core by the shearing of ved faces. Agaim, $%he conservative

essumption is made here that the ved elememts are simply supported

W,
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along the edges A and C depicted in Pigure 1,
Referring to Equation (1.20) and the geome*y of
Figure 1, 1% is seen that h = ¢ , b = hc/col @, and the

sxpression descriding the vedb plate instadility is

3 1/k 2

k B E t

T, = =% [yc xcl °2 cos? @ (1.23)
3 (1'vxycv;xc) be

vhere kc is found by Figure hfl of Reference 6, where

. 2 6yye (-0 eVyxe) * By Tyye (1.28)
> :
J'cx.by
and 1/k
B .
et G2 (1.25)
;.' a Cos @ cy

b. Lomd-Stress Relationship

Looking at the constructioan showm ia Figure 2 along
the edges at x = 0 or x = a, the shear resultant .my is
primarily resisted by the tvo faces. Evenm if the core elemeats
are bonded to or othervise fastened to some edge fixture through
vhich the shear %W' is tranemitted 1littsle load will be insro-
duced into the core vedb plates directly. The small "stiffaess”
of the web plates to losds in the y direction relasive to the
large "stiffness” of the facings results im the primary load

path being the faces. Hence, the load stress relatioaship is

taken to bde
| N .
-Li - -—xx- - T—F (1026)
2tr 2tr

- 10 -
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This i not %o inply thet loads are mot introduced
int0o She core elemeats Ly the faces as the mechanics of shis

bekavior descridbed delov 2hovs.

5. Stress - Facs Stress Relas

Consider the repeated unis of the Sriangulated core

constructioa shova in Pigure 3.

Unis of Comstrucsion Face Core
Prior %e Deforastion Elenent Eleneat
Deforaned Deformed
(Plaxfora) (Planform)
Figure 3

- 1] -
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Due to the shearing deformations of sue faces, shearing

deformstions occur in the core 2ince the ved element and the

face ore bonded or othervise conaccted at their jumctienms

aleng 4b, gh, etc.

Frea elenentary slasticity the folloviag relatiemnships’

are valid vherec Ex’1

(1=c,f) are the shearing straims and the

ether symdbols are givai in riguroc 1, ¢, .ad.3.

xyt
e Ezyt Yf
8¢
Yp = h, tas ©
R &. ‘t;rhe tan O
[ 2]
4 g

xyf

But for compatability of deformations

(1
T o« 2L Tr 81m ©
¢ oxyt

I% is obvious shat if G or O are
xyc

etress induced into the core elemant.

- 12 -

(1.27)

gero there is no
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6. Weight Relationship

The veight relationship ‘s seer te be, from Figure 1,

Ve 2pt + fci; + or

Pc'c (1.28)
Wo- Waa " 2Pe% *Ene

vhere pf and fc are the vejight demsity of the face and core

materials respectively,

W, q 18 the veight in 1b|./11.2 of plenform ares of the
adhesive or any other material used to joim face and core;
W is veight im 1bs./1in° of planform area of the entire

panel.
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D. STRUCTURAL OPTIMIZATION OF PANELS WITH FACES AND TORE

OF DIFFERENT ORTHQTROPIC MATERIALS

The governing squations pertaining to this construc-
Sion to be used in the optimization are given by Equatiods
(1.18), (1.21), (1.23), (1.26), (1.27), and (1.28), and are

;CPQuiod.bclov for coﬁvonience:

L} 2
(x, 3z, )/ b
c -1y fx - 3 (1.29)
£ (1-v__ > ) L
xyf yx*
3 1/h 2
. ke (‘fy ) te
‘e 12 (1-v v ) 2 4 $Eos
- xyt yxt hc an ©
x (x 3x MY L2
T = _c cYy ¢x c c0“2 . (1.31)
c 3 (1-¥y__ v ) n 2 )
Xyc yex c
'xy - lyx =2t (1.32)
¢ 8in @
Tc' xyc Te (1'33)
nyf
L wud : Pctc
b "2 Pt *8tne (1.34)

The philosophy of optimization is as follows: A

Sruly optimum structure is one wvhich hes & unique value for

- 14 -
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sach dependent variable within the class of structure being
- ‘udied (triangulated core sandvich panel, for example),
for each set of materials (7075-T6 clad alumiaum, for
example), for each sat of boundary conditions (simply
supported on all edges, for example), and is the minimum
possible veight for a specified set gf design loads (1n-

plane shear load per unit width, N for example), ;nd_.

xy’
vill maintain its structural integrisy (mo -odo.of failure
vill occur at a load less than the dcsién load). 1In this case
the optipul (minimum veight) structure will hn;c the
characteristic that the panel will become unstable in all
three buckling modes simulteneously. If this is not the case
then one of the failure modee corresponding to a face stress,
say T, , occurs at a higher value of stress than the qther
tvo, sn; Tz- T} < T, . However, the panel will fail at a
load corresponding to the lover face stresses Ty and Ty ’

2
{vhich of course has veight) in the structure vhich is mot

say N_ = l3. This ie turn means that* there exists material

ﬁoing stressed or strained ;ufficicntly for 1% to be used mos%
efficiently. Thus there are tvo alternatives availeable:

(1) Materiesl cam bde removed until the failure mode originally
6céurr1ng at T, 1is reduced to the critical stress T,~ T; ,
in vhicp case a lighter structure results for &an applied load

lé = N3. (2) Material can be rearramged, reducing the crisical
stress vulﬁo'originnlly at T, corresponding %o the firs+ mede

%0 some value 'Cq, while raising the critical face stress values

- 15 -
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associated vith the other two failure =odes originally
occurring st 7, eand T3 to a value Tq('t,) Ty Ts .1:'1)

Nov the etructure with the same veight as the original
srrangemest cen vithstand a load N, (corrssponding to Ty )
vhere !h b l2 - l3, hence a greater load carrying ability

for & given veigh¥. Obvicusly botk (1) and (2) can be
performed simultaneously so that some materiesl is removed and
some rearranged, resulting in an optimum, minimum veight
structure.

Returning to the Zquatiens (1.29) through (1.34), tke
knovn or specified quantities are the appliied shear load'per
ipnch lxy’ and the panel vidth b, vhich can be lumped together
as the load index (ny/b); the material properties; and the
panel boundary conditions. The bucklir-~ coefficients J, kt
and kc are coanstants for any given set of variables and hence
are constants for the optimum construction being scught.

The dependent variables in the set, with vhich to
optimize the construction are the face thickness, tf, the

core depth, h the vedb material thickness, t , the veb argle,
c .

¢!
9, the face stress, 'Ct, the core strass, ‘Cc, and the veight,
W - w.d.
It 18 seen thlt'there are six equations and seven
unknovns. The seveath equation is obteined by placing the
veight equation in terms of one conviniont variaeble, taking the
deriv.tive of the veight equation vith respect to this variadle,

and equating iV to zerc to obtain the umique value of the

- 16 -
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variable vhich results in a minimum wveight atructure.
Manipulstion of Equations (1.29) through (1.3%)
results in an expression for the weight equation involving

only the dependent variable O, as showa telow.

Yy
W-Wad = 3_*" a (N:" /u)
b Eo(ke )M B

F I T 2 2 8 ,LF "
X Q(S'ne‘)/ + (%F)(E?;() (-E—::—_\) (-&- (1.35)
Sin8) (CosO)v"

. - 3 1/4 . -
“here B [ziy x“] / [ (1Y V) (1= e,1). (1.36)

Taking *he derivative of (1.35) with respect to @,
and equating it te zero results im & value of O in terms of
material propertiss amd buckling coefficients vhich will result

in minimum veight structure. This expressioa is:

2(5m8) * (Cs6) + 2(Sine)*
= G 3 %-4E 1 2 R
BEse ) (e b0 o
Grge\Esc] \ ke g
Note that the optimum web angle is independent of the load to
vhich the panel is subjected.
A universal relatiomship” may be obtaine? from
Equations (1.29) through (1.34) vhich relates the load index
.xy/b to & unique value of face shear stress Ty for any set of

material properties, vhich will result ia minimum wveight.

- 17 -
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For a givem load index 'xy/b’ a panel designed vhich has a

face stress T, higher or lowver thaa ths value givea by the

folloving relationship will result ia a panel vhich has a
veight greater tham can be achieved {f this universal
relationship 1is used.

y oy 2
'xy -1 V}' tan 0 (f

b kfl/? T 1/2 B

of
vhere 9 1s obtained from (1.37).

(1.38)

The remaining geome=tric variables tf, tc, and hc, as

vell ss the welight squaticn can movw be expressed in terms of
the optimum face stress 7y obtained im (1.38) above.
:L 2 {3 tan 07T, 139)
© o Y/271/2 ‘
b kf K] L
3 V3 (s1m 0)1/2 g 1/2 T,
- Xxyc
N N 1/2 T 1/2 o0 C (o ) g Y2y 1/2
c xyt sc sf
(1.40)
h 1l T 1/2
— - =7 RE (1.41)
b 7 1/ g 1/2
of

- 18 -
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Woved s FpeTr [ u(sne) (%)(C—;'-“;;)VL(E:_F % i_,_:)vz

b &'v‘ jn Ese ’ (Ce:q (S.n a)h'

—{1.42)

0f course Equations (1.39) through (1.51) tar be
expressed in terms of the load index by the proper substitutien
of the umiversal relatiomship Bquations (1.38). Hovever, she
cxpreloio;u are more complicated to ulo'thnn those expressed
i terms of the optimum face stress.

Amother useful relationship is expressed belov, using

Equations (1.39) amrd (1.40).

t_ 1 o , 1/2 (‘ f;/2 X 1/2 .
— - - (-Z) =) (5 ——7z  (1.M3)
t, 2 0., E,. k.. (s1n o)/

Detailed design procedures for this type . € comstruction

are givea iz summary im Section H of this chapter.

- 19 -
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B. BTRUCTURAL OPTIMIZATION OF PANELS WITH FACES AKD CORE

QF DiFFERENT ISOTROPIC MATERIALS

By making the followving contractions of the results
of the previous section, the optionsl relationships are
obtained for panels vith faces end cores of different iso-

Sropic materials.

nyi - ‘;xi - V; (L = ¢c,r)

(1.b4)
E

By " (_l_é_ (1L = ¢c,r)

1-v, )

The expression ylelding the optimum value of the ved

angle O is givem by

:z(s...e»"L Cos'a + 2(5-‘-9),"’-(%;) '{__‘\".:)V‘ ‘a”‘ [c«‘e -LSnel=0

(1.545)

Note that the optimum veb angle is independent of the applied

shear load.

The umiverseael relationship is given by

2
My 43 (-9°)  tane 7,2 (1.46)
" Yeo1/e x

b ¢ J £
The other geometric variables as vell as the weigkt

equation given im terms of the cptimum stress are seeam to be,

8, 2V3 (1-,°) tam 6 T,

;_ kf1/2 3-1/2 E

(1.47)
¢

- 20 -
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% . (u-vc‘)v‘(n-w‘)v" (_G__,E.“‘)yl (simB)™ e (1.48)

AT B \nge| so

-
he o =¥ Tt (1.49)
v e

‘ - ‘t ‘/\. '1_
W-Weg = 3 Pe (-9e) Tr | dlSme) ™ + (%‘?)(1.7:7‘) (;{)_

NI (1.50)
b I Ko™ €6 (CosO) (Sn.e)v"
It 1is alse seen that
tﬁ. 'y L ‘_k_f V}_ 1-Ve va |
eF 2 (ke) (l—'d—f) (SmO) > (1.’1)

Detailed design procedures for this “ype of comstructioa

are givem ia summary im S8ection H of $his chapter.
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Y. STRUCTURAL OPTIMIZATION OF PANELS WITH FACES AND
CORE OF THE SAME ORTHOTROPIC MATERIAL

By comtracting the expressioas of Bectiem D for
pemels vith faces and coere of differend erthotrepic materials

by the follovimg sudbstitution,

(yxyc.v‘ vxyf\ (vxyw
< Vexe} ® y;xf P' \;x } (1.52)
A, '-c J g-r J o J
the resulting expressioas analogous te the previous twe
sections are found.
The optimum wvedb angle © is determimed by
, U
1,(.5.,.0)”‘ Cor0+2(59)" ‘(%i) - [co.‘e =Ji.S.'.~‘e] =0 (1.53)

Note that 0 is completely imdependent of all material
properties as vell as the applied shear load. Iz particulasr,

o
1f x, = k,, © = 28.40.

o
The umiversal relationship is

&3‘ qﬁ ‘|’an6 'L!‘I

b kiR (1.54)

The other importamt relatioamships are giveam by

> (1.55)

- 21 -
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t - B oo™ g (1.56)

he « [ Te . (1.57)
[~ Es J"'
ke\Y
W-Wes o V3p T -+(s.'.,o)”"*(‘ci) ) (1.58)
°© k"6 | oo (5im0)t
e - L (ﬂ_p)"‘ A (1.59)
te L\ ke (S'v\e)v.' )

Simplifyimg the weight equatiom (1.35) for this class

of material systems, the minimum welight panoll'for a given load

index ny/b is given by

" Y y 4e\'A

W-Wod o 3 _ﬁm Nugh) ™ [ 4(Smg) "+ (ﬂ (1.60)
e ¥ |

b PR kf‘,) Yy E‘ 4N SINO (CosG)u“

Two conclusions are drawn. First, the best ortho-
tropic muterial to use 1in such constructiom is the ome with the
highest ratio of [EL‘." E,]\IB

.

?(""‘1"1‘)"
S8econdly, the ratio of face weights to core weight is

w o)
\.J-V—F = ‘-I_LS__SIV_ . (1.61)
S (he/h)™

- 22 -
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- [
In the cass ef kf kc, ¢ 28.4% ana wr/wc 1.216.

Detatled duaign procedures for this typs of

comstruction are givea im» summary im Section H of this

chapter.
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0. BTRUCTURAL OPTIMIZATION OF PANELS WITH FACES AND CORE

OF THE SAME ISOTRCPIC MATERIAL

Analogcus to the previous sections it 1is easily seen
that the importamt optional relationships for this class of
material systems are as follovs.

The optimum veb angle @ is determined from the

aguation

¥,
2 (Sin8) " Cos' +2(5n8) "+ (&f)\" [ Lsm'e - cu‘e] (1.62)
L

Agein, the optimum vedb angle O {s imdependent of the material

used as wvell as the applied loead. For kc - k the optimum

t,
o
veb angle @ « 20,40,
Having fouad the optimum veb angle 0, the umiversal

relationship is given by

Ny = d¥3 (1-v}) Te' tan @
T e = (1.63)

The other relations definimg the optimum comstructien

are:

e o 23 (1) timo (1.64)

b *(Vg Jr'll. E

te « V3 (1-vY (sn0)” Tr (1.65)
b £ 7" E Cso

ﬂ'/‘_

by o i-v}) Te (1.66)

b Erj

- 24 -
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v .
Wewed s YToTe vt 4(sme) + (“t) : (1.67)
© *:“]9‘ 3 Ces® (S'Sna)ﬁ.
e o L (&)"‘ L (1.68)
t’ ~ J.Q (S-'-O) L

Simplifying the veight equatieam givem by (1.35) fer
this class of meterial systems, the veight equatien in for-l

of the load index 1is seem to be:

WeNed o 3) ()" p (0eal)” [ iingg™ + (Relk) (1.69)
b 2 J'."! *f‘h Sin6 (Cos 9)“ )

Similar to the previous sectiom, it is seea shat the
best material to use im this type of comstructioa fer these
loading comditions is the material vith the highest value " ¢

E“/e("")’t Secomdly, the ratio of face to cere

veight is

N
We = 4(Sma) " (1.70)

We (dee /)Y
Itk =k, 0- 28.4°%, and W,

Ye

= 1.316.

Detailed desigm procedures for this type e¢f cemstruction

are givem ia summary in Sectiem H of this chapter.

- 25 -
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R. DESIGN PROCEDURES FOR PANELS OF OPTIMUM TRIANGULATED

CORE (SINGLE TRUSS CGPE) CONSTRUCTIOR UNDER IR-PLANE

SHEEAR LOADS

Prior to discussing the detailed design procedures, 1%
is advantageous to discuss certain characteristics of the
coefficlents J, k., and k_ vhich result im significamt
siuplifications to the desigm procedures. From EQuatien
(1.19) 1t 1s seem that

3. L
1+ h[xﬂ(v-o) ) 1] (1.71)

K

The coefficient J 18 determined in a straight forwvard
manner from Figure L-1 of Reference 6, in which it is plotted
as a function of B,, given by Equation (1.13). (Note B_= 1
M5,

for an isotropic materiel), and 1l/r = (b/a) (Efc/ls'fy

In (1.71), K, 18 a function of the core transverse

M
3hear flexibility parametera,'v} and ‘f7 » given by Equations
(1.15) and (1.16). It is found that in many material
systems and a broad spectrum of values of (ny/b), Vx and
Vb are very small. For instance, for a square panel composed
of 7075 - T6 clad aluminum alloy, for a load ae high as that
corresponding to Ty = 40,000 psi (2000 psi below the ultimate
shear stress), Vx = 1.10 x 1073 and V% - 1.8 x 1073,

Hence, in most numerical calculations Ky (ve0) =
KM' resulting in

J = (1.72)

- 26 -
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This can be determined at the outset of a dgllgn and
hence an iteraiion is not needed to design the panel.

Similarly kr is determined as the coefficient J in
Figure k-1 of Reference 6 plottsd as a function of B, given
by Bquation (1.13) end 1l/r = (2 h, tan @/a) (Brx/lfy) llk.
Bince in most panels Hc/a << 1, )/r 2 0. In this case k.
can be obtained, vithout iterating, from Figure k-1, Refar-
ence 6 at the outset. Since kt is nearly constant for
0 <1/r € 0.1, 1t vould appear that only a very unusual
combination of materials and geometry would require an iteration.

Likevise kc is datermined as the coefficient J in
Figure k-1 of Reference 6, plotted aa a function of 52 given
by BqQuation (1.24), and 1/r = (hc/a Cos ©) (Bc‘/scy)llh. As
above hc/a <«<1 so that 1/r = 0. Hence, k; can be determined
in most cases at the outset for 1l/r = O,

Note also that as a result of the above discussion
usual'; sssuming kr/kc = 1 is valid.

Turning to the design procedures, utilizing the
expressions derived in the previous sections, there are several
ways to proceed to design a panel., However, to save time and

effort in developing design curves for panels of this type of

construction eudbjected to in-plane shear, the following
procedure 12 suggested. 3ince there 1s considerable duplica-
tion in procedures for euch of the various material systenms,

the procedures below ure presented in a unified fashion.

- 27 -
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¥Ynown quantities: e, b, ny/b
i+1lect the material system and obtain the

material properties: E E , E

cx’ ey rx’ “ty’

nyf. vyxf' nyc. V&xc. PC' Pt, and the

ultimate shear stress.
From Figure L-1, Raference 6 obtain J

utilizing the facts that

Orthotropic Face Material: Isotropic Face Material
BL= ZG-ZF(I-J:ijJ'r)*EF'eV"’ Bl=|
1‘."‘{‘1
L= b [ g™ L-k
rooa E) r o

¢ —
At the outset assume J = J,

From Figure L-1, Reference 6 obtain k

initielly for

Orthotropic Face Material Isotropic PFace Material
Buv 20ne (g Vone) YEry Vage B2 I
YEmEr,
! L =0
v=0 r

From Figure L-1, Reference 6 obtain k,

initially for:

Crthotropic Core Material Isotropic Core Material
B‘: 26":;_ ("Jl-‘uvgu,) +Ec4'1 Vm,_e_ 8]_ =
QEC\( Y
3 1-
b=o 2

Note: For initial calculation kr/kc - 1.
Determine the veb angle 6 ror the minimum

wvaight satructure through the following equation:

—28-
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Faces and core of different orthotropic materials:

,
a(sine)"t (Cn0) + 2(sn6)"

B ETG) [ ti) -

Faces and ccre of different isotropic materials:

2 (500" (o v 2 (sine) - (o (5 )<~, ) (4 ) [‘“'o 1$-‘°]'°

FPaces and core of the same orthotropic or

isotropic materials:

2.(58)™* €n8)" + 2(518)  ~ (‘f{)"‘ [cu.‘a -1 Sa18] 0
A& Y

For initial calculation @ = 28.4° (i.e. vhere
kr/kc - 1).

7. PFor the calculated values of © and the load index,
determine ’Cr from the "universal relationship".

Faces and core of different orthotropic materials:

&5 - 403 e T
e T Es

Faces and core of different isotropic materials:

Nx - yf3 (I-Vfl) o Tt

Faces and core of the same orthotropic materials:

Nuy o 903 oo T4t
b &"/‘;VL Es

- 29 -
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Faces and core of the same isotropic materials:

Neg o 43 B (1vY) Te'
b g Ve J""a. c

Determine the optimum fTace thickpness by

te 2 Nuy/b
C 2Ty

Determine the optimum wedb core thickness by:
Faces and core of different orthotropic materials:
y

k. .L(G*;A '-(&;_;)"{&F o

tr 2\ Gxpel/ V| \T) (Snm)¥

FPaces and core of different isotropic materials:
o, ({g)"-/..u‘)"‘ L
f,e 2\ 4 \ 1-ve (SinH)

Faces and core of same orthotropic or isotropic

materials:
RV Al=-3

Determine the optimum depth of core by:

Paces and core of different ofthotropic materials:

L;‘s . [ Te }VL
e Eﬁ’f

Faces and core of different i1eotropic materials:

. {M} W

Ee J

-~ 30 -
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11.

12.

Faces and core of same orthotropic material:
he o [ Te )™
b E;}

Faces and core of same isotropic material:

h - [@-v‘) rr]"‘
b

Determine the weight of the optimum comstruction by:
icce- and core of different materials:
W-wed o zep(‘if) + pe(te)

b . (.Sme)

Yaces and core of the same material:

W-wed th o (teds
'—L“} f[z(h) (__)

Sinb

The initially calculated values of 3} k_ and kc

b g
can now be checked.

For the optimum configuration calculated in
steps 6 through 11, ‘[x and xfy can nov dbe
calculated using Equations (1.15) and (1.16).
Then Ky, can be calculated uilné Equation (1:10)
and K (Ve 0) can be calculated using (1:10) -
in wvhich \ -Vy -~ 0. Hence J car be calculated

from (1.19) in vhich J 1e¢ the number calculated

in Stép 3 ébove.
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A nev value of kr can be calculated from

Figure L-1 of Reference 6, in vhich the 32
value calculated in Step 4 above ie :uzed

vith the actual value of 1/r, which i»

" !
1 2 h tan O E 1/
- c £x
T (=)
a Ef

Y

A nev value of kc can be calculated from
Figure k-1 of Reference 6, in which the B
value :calculated in Step 5 above is ussd im

conjunction with ths actual value of l/r, vhich

is
1 h E 1/k
- a — cX
r a Cos © ( )
E
cy

The newv values of 3; kf, and kc can oe
compared with the initially calculated velues
to determine if an iteration sheuld be made.
It {8 worthwhile to note that in the construc-
tions involving the same face and core
materials, be the material orthotropic or ise-
tropic, the optimuum weight given by Equations
(1.60) and (1.69) varies explicitly as the

—_ 4
inverse of (J kf)l/ , altheugh the ratie

1/2
(k,/x,)

weight equation as well es in determining 9.

is involved both explicitly in the

However, there should be a sizeable difference

- 32 -
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13.

in the values calculated here compared with those
calculated initially to merit am fteratien in
the calculstien, since the veight is se
insensitive to the values of §, ke, and k..
Finally, since in any elastic bedy in a tve-
dimenaicnal stress field, depicted im Pigure 2,
subjected to pure shear,

Oue T - Nxy

2te

it is necessary that 'tf and ’Ue remain at a
value at er belov a stress value corresporxding
te the preportiomal 1limit ef the material fer
the relations in this optimizatiea to be valig,
csince they depend upen Heoke's Lavw,

Hemce fer the optimum cemstructieam, caiculate
-t

T.= G T, Smo
Gen
'zf must be equal to er below the prepertieasl

limit of the face material amd T must be
c

equal te er belov the prepertional limit ef the

cere material.

- 33 -
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CHAPTER 2

MRTHODS OF "RUCTURAL OPTIMIZATION FOR FLAT, WEB CORE

BANDWICH PAN, 3 BUBJECTED TO IN-PLANE SHEAR LOADS

A. INTRODUCTION

Consider a f° .t, generalized web core sandvich panel
shovn in crossection in Pigure 4 belov. The term "generalized”
refers tc the fact thet at the outsst, the angle 9@ is not taken

a8 ero.

A B8 {tr c

n-

-
.F___,R-

he-— ol

| PH"L

2<dv' + h(. l'an e)

-

Figure b

Genrralized Web-Core Sandwvich Panel Construction

There are five geometric variables with which to
optimize; namely, the core depth (hc), the wed thickness
(tc), the face thickness (tr), the angle the wveb makes with &

line normal to the faces (§), and the distance between webs (df).

- 31‘ -
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The overall panel to be considered is shovn in plan-
form im Figure 2. As in Chapter 1, the panel of width b
and length a is sudbjected to in-plane shear loads. .xy and
.yx'

The panel of gsneralized vedb core construction is
considered to fail if any of the folloving instabilities occur:
overall instability, local face shear instadbility betveen A
and B (Pigure &), local face shear instability betveen B and
C (rigure &), and shear instability in the ved.

Thus, for the generalized construction there ure four
modes of instability N failure, and five gecmetric variabdbles
vith wvhich to optimize. To describe each failure mode, the

analytical expression used in the folloving is the best avail-

able 1n‘tho literature.

-35 -
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B. ELASTIC AND GEOMETRIC CONSTANTS ASSOCIATED WITH GENERALIZED

WEB-CORE CONSTRUCTIORN

The elastic und geometric constants for generalized
veb-core construction can dbe determined from those iivcn in
more general form by Libove and Hubka in Reference k. Por
the core construction shovn in Figure &, the folloving
constants are obtained.

The nxe; of the core per unit vidth of ved core

crossection parsllel to the yz plane, ;; is given by

. th
A = s c {1in.)

¢ (d¢ + b_ tan @) Cos @ (2.1)

vhere the symbols are defined in Figure &,
The moment of inertia of the core per unit vidth of
veb-core crossection parallel to the yzr plane, taken about the

centroidal axis of the core crossection, i;, is seen to be

- 3 e
I - tchc - Achc (10.3)
12(ar + b, tan @) Cos © 12 (2.2)

The extensiomal stiffness of the plate im the x

direction !Ax, is given by

BA_ - FcI; + 2Bt (1bs./1n.) (2.3)

vhere Bc end lr are the moduli of elasticity of the core and

face materisl respectively,
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The transverse shear stiffmess, per umit vidth ia the
y Qirection, of an element of the samdvich cut by twvo xs
pleanmes, D‘x, is foumd to de

Octele Co¢ @ (1vs./1n.) (2.4)

qx ©
(df + h, tan 0)

The transverse shear stiffness, per umit wvidth iz the
X direction, ef am element cut dy tvo ys plames, qu' because

of the discomtimuity of the core, is seen to de

Dy = © (2.5)

Lastly, the momeat of inertia por umit wvidth, i},

of the faces, comsidered as membrames vith respect te the

sandvich plate niddle surface, is seen te Dde,

T, s (1n.3) (2.6)
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C. GOVERNINRG EQUATICNS FOR PANELS WITH FACES ARD CORE OF

DIFFERERT ORTHOTROPIC MATERIALS

8ince panels in vhich faces and core utilize
different orthotropic materials in the most genernl-
materials system considered in this study, 1t 1s con-
venient to derive all expressionse and sudsequently perferm

the optimization for this case first.

l. Overall Stability

The best analytical expression describing the overall
instability of the generalized ved core sandvich pasmel umder
in-plane shear loading 18 given by Equation (1.9). PFrom
Bquation (1.16) 1t 1s seen that due to DA’ - 0,\}; fer this

construction 1s
V, = o0 (2.7)

Under this condition, the valiue of KH given by
Equation (1.10) camr be determined for this comstructiea by
dividing both numerator and denominator by ‘Vy, then setting

\{’ e o4, The reesult is

R
K - (208)
H

B,C, + ByCp + VxA

Ae befyrs,

KH (Ve=20) > Blcl + 2 3202 + 03 (2.9)

——

1
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The fimal relations for overall buckling to be used
ia the optimization belov are given ia Equations (1.18) and

(1.19), im vhich Zjuations (2.8) and (2.9) ere utilized.

2. Pace Plate Instability (Region A to B ip Pigure k)

Proceeding as in Chapter 1, Equation (1.20) 1s
utilized vhere for thie region it is seen that h = tf and

Vb - dg + 2 hc tan ©. The final expression is therefore
3 1/b 2
kgl [EtIAEfx} ‘e

- 2 -
Te 73 (1-v,¢%,) (4, +2h ten 0) (7.10)

vhere ke 18 determined as J in Filuure b-1, Reference 6, in

vhich for tnis plate element B, 1= given by Equaticn (1.33} »no

1/h
1,49, +2 h, tan © (Efx) / (2.11)
r

a Ery

3. Face Plite Instability (Region B to C in Figure k)

Agaip .quation (1.20) 18 utilized vhere for this
region it is seen that h = tr and b = dt' The final

expression 16 therefore

1/4 t
’Z: - k£ [EfYBEfX] Lé‘ (2.12)
f 3 (l'vxyfv&xt) de

vhere kr 18 determined as J in Figure L-1, Reference 6§ in

vhich, for this plate element, B, 1s givem in Equation (1.13) amd

2

1/4
1, % (Frxy / (2.13)
r e

Efy

-39 -
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4, Web Plate Instabil.ty

For the web plaie inatability in the generalized_
veb-core construction, the expression used is Equation (1.20)

in vbich h = % &nd b hC/Cos §, vith the result that

T i/k 2 . .2 :
kc [Ecy3£cx] / tc Cos™ 9 (2.15)
r = - 3 \ -3
‘e 3 e nycw;zc) hc

in vhich X 1ie Aetermtined as J in Figure k-1, Reference 6,
c
utilizing B, given by Equstion 1.24 =nd 1/r given by

Equation (1.25}.

§. Lead-Streas Pelationship

As in the case of triangulated cors construction, the

ioed stress relationship is given by Zquation (1.26).

€. (Core Stress - Face Stress Relationship

It i8 secen thai the mechsnica of shear deformation
compatability betveen face 2nd core for the generclized wveb
core construction ie identiczcal to that of the trisngulatsd core

construction since ¢, does not enter into consideration. Hencse

b
the core stress - face strees relationship for the generalized

veb core comstructicn i1s given by Equetion {1.27).

7. Weight Relationship

The welght of the generslizsd wed core psnsl is

glven by

. m‘a’w
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Wo- Waa " 20t ¢ PAL

Utilizing Zgquation (2.1}, the result s
t h
Pe e 2

¥ - ¥ - 2 t - {2.15%
ad fr®e (4, + b_ tan 3) Cos 9 )

'kl &
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D. STRUCTURAL OPTIMIZATION OF PANELS WITH FACES ARD CORE OF

DIFFERENT ORTHCTROFIC V" T™®RIALS

The goverring equations pertaining to the generalized
veb core conatruction of Figure 4 to bp used in the optinizl-
tion are given by Equatione (1.18), (2.10), (2.12), (2.14),

(1.26), (1.27), end {2.15), repeated belov for convenience.

¥
3 b -
TF = [Efj Efx:’ l’)cl N

(2.1€)
(1= Vege Vyue) B

A
2R 2 R SR

(2.17)

%
T = ke [EPEn]" tt (2.18)

3 (I-VageVyne)  df®

3, 4 '
Tes 4 lf‘x ‘E‘J Lt s (2.19)
= (" nyg V;Ac) h*

ny = N,n s Zif Tr (Q.&)

X gl
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12,-‘- G"xg Tf S-/ne (2-21)
Gly'
W-Wad = 20 L¢ + .{Q:.{-r_-.bs.- ...... —_ . (2.22)
‘ (de + he GuB) Cos ©

The philosophy of optimization is identical to that
given in Section D, Chapter 1.

The knovn or specified quantities in the set of
Bquations (2.16) through (2.22) are the applied shear load
per inch ny, and the panel width b, which can be lumped
together as the load index ny/b; the material properties;
and the panel boundary conditions. The buckling coefficients
J, kf? kta and kc are constants for any given set of variables
and hence are constants for the optimum construction being
sought.

The dependent variables in the set with which to
optimize the construction are the face thickness, tt; the core
depth, hc; the web material thickness, tc; the veb angle, 9;
the distance betveen webs, dt’ the face shear stress, th;
the core shear stress, 'rc; and the wveight, W - Ha .

d
Hence, for the generalized construction there are

seven equations and eight unknowns. Howvever equating Equations

(2.17) and (2.18) 1t 1s easily determined that for the optimum

veb core construction,

e = 0° (2.23)

- 43 -
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Hovever, it ie then seen that vith @ = 0, Equation (2.21)

showvs that

T = O (2.2h)

Hence it 1es seen that for the optimum web core
construction, in-plane shear stresses applied to the e@gel c?
the panel induce no stress into the core, since ¢ = 0°. These
results are intuitively obvious. Thie in turn means that the
Equation (2.19) 1is no longer & governing equation since the
core can never buckle because it remains unloaded.

Utilizing (2.23) and (2.24) the governing equations

nov are seen to be:

= [t 7% T
7= Jteted T b J (2.25)

(1-VogeVyne) 8

|

1= '3{’_5 Er’c,,._'}‘* tet (2.26)
3 ("Jn,vaxf) de '
vher. kf =- kf2

Nug = 2¢r Tr (2.27)
(W-Wea) = 2pete + pctele (2.28)
A - .
Hence, there are four equatinns and 8ix unknowns, namely tt’
tc, hc’ df’ and W - wad’ remaininrg with which to optimize.
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Through algebraic manipulation of the above, the weight

equation can be placed in the follovwing convenient fors.

W-Wad = Nug/o] + £e (r- Ju,f\/,-r)( %) 203 7,* (2.29)
» T 4‘ h. rY [E(,“ E"‘J W ( Wiy /b)

The veight equation i1s then expressed in terms of the
face stress ‘rr and the core thickness tc, vhich are the only
unknovns. It is seen that obviously minimum veight occurs
vhere tc = 0, hovever that violates the type of comnstruction
assumed., Also tc cannot be determined by bdbuckling requirements
since the core is not stressed. For the present tc vill be
considered as a constant quantity to be specified later bdy
another criterion. |

If the derivative of the weight equation vith respect
to the rsmaining variabdble T} is taken and equated to zero
the following relationship results vhich provides that value

of Tf for a minimum veight structure,

y
Ny = 2% 1o\ (i -va:,»’,u? AN P (2.30)
—:’ *'Vw ( )EFx

Tuis 16 a "universal relationship" relating load index to
optirum face st ess for a specified (tc/b), as yYet unknowvn.

This relationship can be rearranged to give the followving:

- 45 .
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y =% y ) i Y, '
Tr = kg (f'—')’—lﬁ'a’fri (Neglo) (2.31)

2% (3)"% NPT (1, vae)? (eha)™

Substituting (2.31) into {(£.29) gives the weight of
the optimum structure in terms of all known quantities except

the unknown t
¢

' Y Y VY,
W-Wed .31 o 06 (Vg Vyee)” (tels) J(”'y/o) ’ (2.32)
b 2" }f’o JT |2 [Ef’a’ E“JY-L

It 18 quite clear that the smaller the value of tc,
the lover the weight for s panel with given materials and a
given load. From the "universal relationship” (2.30),
for a given material system and load 1ndex,(tc/b)decreaues
as [y 4increases. Therefore, 1t can be concluded that from
Equation (2.32) the welght 18 minimum for the highest allowvable
Te¢e that can be tolerated.

This differs from all optinlzations previously per-
formed in Referc¢nces 1, 2, and 3, and in Chapter 1 of this
report. The reason i8 that in all previous cases tc vas
determined by buckling criteria. Here, tc i8 determined by
strength considerationa, not by buckling requirements, since

the cure 18 unstressed under this loading condition. Hence

for minimum weight,

Te = Trane. (2.33)
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vhere T;amt. is the.naximum allovavle shear stress for tne
face materisl. For isotropic face materials, Tf‘u_’ can be
taken as the ultimate shear stress of the material. 8ince the
shear stress (f 15 equal in value to the maximum principal
stress G,, (see Equation (1.51), Reference 2), for stresses
above the proportional limit reduced values of the elastic
modulus can be used, as discussed in Equation (1.25) of
Reference 1. For orthotropic face materisals, Z?hab.
is the proportional 1limit of the material for all relationships
in this optimization to ve valid.

Substituting {2.33) into (2.30) (tc/b) 18 nov
clearly determined for a given material system and load index
(R!y/b).. All other variables are also determined. The results

are summarized below:

0=T=0 (2.34)

Le « (MNoyli) (2.35)

b 27,
t.‘"&. L
.t; c (@‘;c) *';i Es; (Wyle)” (2.36)
“ 443 T, . :
Y
() = | Feate (2.37)
° J Ese . .
. ‘é o E /9 \
(dbf) = ‘,;.,:{/7”/") (2.38)
(¥ 2 9]

-l‘7-
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w-wdl - Bef (N‘:z/b) (2' 39)
b llckmu”

In addition, there are two useful relationships for

the optimum construction

We = 2 (2.%0)
We

he = fe ‘ii) (2.41)
dF P“\to

Several points are worthy of note hkere, wvhich are
also valid for this and supsequent sections dealing with 1007
tropic materials, or for faces and core of the same material.

Again a8 for optimum veb core comstruction under
uniaxial compression , the optimum wed core construction under
in-plane shear has the characteristics that @ = 0°, (hc/df) -
( ?f/ ec) (tf/tc) and Hf/wc = 2, However, other parametsrs
of the geometry differ.

It 18 interesting to note that, as shown in (2.35),
the face thickness for a given load index is determined only
by the allowvable shear stress of the face material. Also
from (2.37) the core depth is, for all practical purposes,
independent of the load applied. Also, from (2.39) the weight
of the optimum structure is independent of all -atérial
properties axcept the allowable shear stress and the density of
the face material and varies linearly as the load index. Thus
the best material for this construction is the one with the
highest ratio of (‘Thuzq/FV ). Detailed design procedures for

this type of construction are given im 8ection H of this chapter.
- 48 -
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®. STRUCTUBAL OPTIMIZATION OF I'ABRELS WITH YACES AND CORE
OF DIFFERENT ISOTROPIC MATER'ALS

By making the following contrac’ions oZ the results
of Section D, the optimal relationships are obtained for

panels with faces and cores of dAifferent isotropic materials.

nyi - ‘Vyxi - vi (1 - c’f)
o OB ' (2.42)
S CA (1 = c,f)

Et - i} for stresses above the j;roportiomal limit,

The r&ssulting expressioms cam be written as

6- =0 (2.43)
(tf.) = My /) (2.44)
b/ 27,
V& V. = T
&) ( F) be /= E (v (2.45)
b/ \U) 4(3 (r-de%) T2,
a0t
(b:.): (Ve )™ Tram (2.46)
b T E 7%
J f
de - th EFL'(NH/J (2.%7)

b A0 () (Thue) ¥

-[‘9-
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w.wad = 3p (N /o) (2.48)
b 2 tfu‘_

We =2 (2.49)

WNe

&

b= (82 (%) (2.50)

Detailed design procedures for this type of ceamstructioa

are given in summary in Sectiom B of this chapter.
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¥F. STRUCTURAL OPTIMIZATION OF PANELS WITH FACES ARD CORE

OF THE SAME ORTHOTROPIC MATERIAL

By contracting the expressions of Section for panels
vith faces and core of different orthotropic materials by the

felloving substitioms,

-

Vo, = 7 e

xyc xyf

'Vyxc O ?’xc - 'Vx, (20’1)

'oc ® 'lf ® 'l

the folloving equations apply to optimum cemstructiom ia

vhich the face amd core are of the ssme orthotrepic istertul.

e~ chO (2-52)
ﬁf « (Mylh) (2.53)
<2 ZEuz.
L rV‘_
te = PE 4;’4 & (Wgh)© (2.54)

b Pe ulz (7

be o [Traw 1"
he = |ZFate (2.5%)
> &
',..l/‘ = '
dr « H 6™ (Mys) (2.56)

-51—
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Wwgd » 30 (Nuh) (2.57)

b 2 Trate
We =2 (.0,‘)
We
hg s ¢ (2.59)
df  t..

Detailed design procedures for this type of constructiona

are given in summary in BSection H of this chapter.

- ’2-
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@. SIRUCTURAL OPTIMIZATION OF PANELS WITH FACES AND CORE
QF THE SAME ISOTROPIC MATERIALS

From Bection E, simply removimg the subscripts
associeted vith each material proporty_prévidol the resiult-
ing goveraimg equatioms. Ali.o frem (2.50) it 1q seen that,
as ipn the co-lt:uctiyl involving face nld'cqro of the same

erthotropic matorial,

2 ¢t
L 4 (2.60)
‘t tc

-53.
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H. DEBIGCN PROCEDUKES FOR PANELS OF OPTIMUM WEB-CORE

CONSTRUCTION UNDER IN-PLANE SHEAR LOADING

Prior to discussing detailed design procedures, it
is advantageous to discuss certain characteristics of the
coefficients J end k., vhich cen result in.-ignifgcsnt
simplifications to the deeign procedures. From Equatien
(1.19) 1t 1s seen that

I+ q[ Kn (V20) /] (2.61)

The coefficient J is determined in a straight-

forward manner from Figure k-1 of Reference 6§, vher; it 1s
plotted as a function of Ba, given by Equation (1.13)
(Note B, = 1 for an isotropic face material), and 1l/r ~
(b/8) (Bg,/2. )",

In BEquatiom (2.61), Ky 8iven by Equation (2.8) tor
this type of construction 1s a fumction of the core tramsverse
shear flexidility parameter ‘& .

From Reference 6, V& is seen to be
1
V, = _TLt 0. D, (2.62)
b Dgx
In terms of this constructiom, utilizing (2.4) for

qx’

PR (e

Gxu‘ t‘

- 54 -
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b

Now for the most general materials system, namsly

faces and core of different orth:tropic materials, substitutioa

of (2.35) through (2.38) into (2.63) results im

L Y ¥
Vs T E V(c_ Vg g Ugnp ) 7 .64
x Ijﬁl}i (Ef:) %;) ( T TAL () Eﬁ:f% (2.6k)

Hence, for slmost all msterial systems V, <<!

Hence since in Equation (2.8) all other quantities are

usually of order one

X o A (2.65)

=
chl + 3302

Theretore'T can be determined at the outset by
Equations (2.61), (2.9), and (2.65), and omly occasionally will
an iteration e necessary. .

The coefficient kf can be also closely approximated
from Figure lU-1, Reference 6, by taking 1/r s« 0, since in
Equation {2.13) for most cases df/a<K.1, ani k, 13 almost
constant for a givem B, in the range 0 < 1/r € 0.1. This
philosophy 1s discuszed more in detail in Section B of Chapter 1,

Note also that the minimum veight expression 1is
independent of T and kr. They are needed to proportion the
panel only.

Turaing mov to design procsdures, utilizing the

expressions derived in the previous sections, there ere several

vays to proceed to design for minimum veight. Hovever, to save
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time and effort im .developing desigu curves for veb-core
panels subjected to in-plane shear, the folloving zrocedure 1o
suggested. BSince therec is considerable duplicatioa ia
procedures for each of the various material systams, the
procedures belov are presented ia a unified fashion.

1. Xmowa quamtities: &, b, !xy/b |

2. Select the mcterial system and obtain the

material properties: “cx’_‘cy’ 'fx' xyt’

vyxf’ vxyc’ 1'.y:u:’ f)c’ Ff’ TFase..
3. PFrom Pigure b-1, Referemce 6, obtaiam J

utilizing the following calculated values.

Orthotropic Face Material Isotropic Face Material

8, = Z(’ng (""m‘;vjxr\'*’t{(,*lu,p Bl =|
{Efx Ef;
1ab '_f_u)"“ L=k
r a. E}, 4 X
k, Calculate an initial value of Ehfron
— _ S
T 1y [ Kol 1]
vhere Kr
KM (V'O) = B‘C,"’ 28._ CL+ gz
g
Kn = EZETJHBLCL

and the constants A, B., and B_ are givea inm

1l 2
Equatioms (1.11), (1.12), amd (1.13). %he

values are given im Equations (7) through (10)
ia Referemce 2 for various boundary eonditioni,

vhere for shear loading n = 1 only.

.56-
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From Figure 4-), Reference 6, obtaim imitisl

)

val of X
alue ?

by using 32 of step 3 above, and 1l/r = 0,

Determine the optimum veight for any material

system by
W-Wad ~ 3pe (Nxy/b)
= 2 Teoge.
Determine the optimum face thickness for any

material system by

e
b

Determine

Faces and

o~

cC =

b

Faces and

|t
[{]

Faces and

k-

b

Faces and

L -

b

Determine

he .

b

Nay/b
2 z}alb.

tLe optimum web core thickness by
core of different orthotropic material
[}
zl?r%" JT g3 Ese (Nlaé) L
T,

core of the same orthotropic material

V. L
"?f 1_) = E; (le/b)
413 Tlmb
core of differeat isotropic

materials

'/I-T"/L T
JQF J Ekiang/%)
3
Pe 43 {1-ve*) Teyy,
core of the same isotropic material
y, =V

*?"J t E (Ahglg)z
413 (1-v%) T3,

the optimum core depth by

[T}aﬂb VL

e

J E

- 57 -




10.

11.

NAEC-ASL-1110

"/
vhere E = E'r for faces and core of
’ different or the same
orthotropic material

Ef for faces and core of
2 different or the same
1-Ved) isotropic materials

Determine the optimum web spacing by
~l1
éj,- ‘k(%' E "(hhyl%)

b3 T

~J
vhére E is defined above.

The ipitially calculated values of I'and kf

can be checked. For the optimum configqration
above, \fx can nov be calculated using Equation
(2.64) or its simplificatioms for isotropic
materials, or vhen core and face materials are
the same. Then K“ can be calculated using
Equatioa (2.8). Fimally the actual J cam be
calculated using Equation (2.61) and compared

to the assumed value of step 4 above to see if
an iteration is required.

Next wvith the optimized geometry, the actual
value of l/r can be cealculated using Equatien
(2.13). Looking at Pigure 4-1, Reference 6, the
actual kr,can be compared with thet obtained in
etep 5 above tv see if an iteration is reguired.
If an iteration is vorthwhile, then with the nevw
values of j and kf’ steps 6 through 11 can be

repeated.

- 58 -
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CHAPTER 3

COMPARISON OF OPTIMIZED FLAT SARDWICH PANELS URDER IN-PLANE

SHEAR LOADS FOR THREE CORE GEOMETRIES

7075-T6 clad aluminum is chosen as the typical
isotropic material vith vhich to make a cemparisom betveea
the subject types of comstructioa to determiae relative
"merits. Also, im studies of tem material systems listed amd
studied in Referemces 1 and 3 vhich imclude metals and re-
inforced plastics, as vell as {isotropic amd orthotropic
materials, the results shoved that vith the exceptioa eof
beryllium, 7075-T6 alumirum is significantly better thaa the
other materials for hoaeycomb pamels subjected to ia-plame
shear loads. A square panmel (a/b = 1) 1s chosen vith a
haxagoral cell honeycomb core. The coastarnts for honeycomd
cores as determined by Kaechele (Referemce 9), the precedures
given in Referemce 2, and the methods develobed ia Referexce 1
are used hereim. Por the opt/mum ved core constructiem am
allovable stress of 40,000 psi is used. The results are

presented ia Table 1.

-59-
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Table 1

Comparison Betveen Optimum Triamgulated, Corrugated
Core Optimum Wedb Core asnd Optimum Hexagomal Homeycomb
Core Square Pamel Subjec.s’ to In-Plane Bhear Loads
(7075-T6 Clad Alumimum Faces and Core) Homeycomd Core
Coastants by Kaechele

(w-%_)/b (w-w )/o  (w-w_.)/v
q d ad
Telpet) N, /v(pst) (1b71n3) LAY LOY ’tb71-3) (1v/1a3)

Honevconb Honeycomd Truss-Core gru -Core Webd Core

12,000 4,52 o.379uo'h 2.66 0.395x10'h 0.163x10'~
16,000 8.14 0.517x10" % k.80 0.534x10"" 0.29k110'~
18,000 10.52 o.59hx10'h 6.20 0.613110-h o.380:10'~
20,000 13.0b 0.661x10" % 7.68 0.68kx10"" 0.#70110'~
30,000 29.% 1.00x10" % 17.3 1.015:10'“ 1.061x10"
40,000 52.2 1.338x10'“ 30.7 1.37:10'“ 1.885:10'“

It is seen that for the same face stress, the truss-
core construction carries much less load and yet veighs more
than the honeycomb cere constructiorn. However the comparisea
can best be made by plottimg the weight as a function eof the
load, as is seen in Pigure 5. The percemtage figures shova
refer to the perceat overwveight the optimum trivngilated core
constiuction 18 compared to the optimum homeycomd construction.

It 18 seen that at least for this example the optimum
honeycomb constructien is significamtly better than the optimum
trismgnlated cerrugated cere construction. It is believed that
the gseme comparisem will hold fer square pamels im vhich faces

ard cere are compoeed of amy ether iseotrepic material. Ia




NAEC-ASL-1110

Flooee £ 3f7..
WEILMT A3 A FUNCTION OF LOAD INOKX UNOER .| . '
IN-PLARE . SHEAR; LoADS | 101:-7(. . CLAD Aqu-lm
- Facey MID ceqy ‘de-l :

: fh “." ' |

\ L g8

i i ' : Too
| ’ (!'5""‘).%

(losfin?)

e ies - b e e

L
|
b

1inio Y

OPT 1MV
TRUSS-CoAL
CousTRULTION

- gy o

........

————— e —m——

N oPTiMUH Y
HOoKEYCOME" cau
o cwumﬂod;-

!
!

S i -—-—-’
;

) ! Y el
j i i
tuio™" Yo :
' ‘ | |
: | oo | 4 .
| to ; : '

........

RS radeati ot onee aow ey Banue sanactale
¢ . .

OPTIHUM WE@ ot | _
coustRCTION | g ! .

|

: i H o
B G

L}

s e G e e

: : . : O
el < 4. wa'Tw Tpsuo,000 psi .
for ab Ny | l r
§ i 5
1

. .
SR s O g
T
:
R e e il
Sl

: :
8 5 : | |
44:s ! o el e
N b e '{ o
| i | I | H
E _; | ! ! f l 1 ‘s i .
PR ; -vz,mps b

!
|
2 fal G o]
... ULTIMATK SHEM DT“D‘GTH
! ! : § !
|
!
|

i ; | :

:' | ] ) ' ' ' ,
g

| IR L

. 1 ¢ *

. ; ;
g PR TR IR Y ..,.....{-.-.... 4
i . ' e R
: :




NAEC-ASL-1110

addition 1t is felt that any changes in a/b ratio should

not alter the comparieon to such an extent that truss core
construction would be competitive. Nor is 1t likely that the
us= of orthotropic materials could alter the comparison se
significartly that truss core constructien wvould be faveradly
competitive with the same materials used in honeycomd core
panels for in-plane shear loadings.

It 18 seen that the optimum wved core comstruction
results in considerable weight Bavings over cptimum honeycomd
core construct.ion in the low ioad index range. Hovever, in
the higher ica’! irdex range, it does not compa&re favorably
with honeycomd core construction. This trend vill exist in
other material systems and a/b values because in optimum honey-

1/2 (1i1e

comb sandwich construction the weight varies as (ny/b)
in optimum web core ronstruction the weight varies as (lxy/b).
Note also that in t:e optimum web core construction the face
stress t'f i8 constant over the entire range of load index. If

Tfarr. 18 reduced for some other factor the slope of the curve

in Figure 5 increases,
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CHAPTEK &%

METHODS OF STRUCTURAL OPTIMIZATION FOR FLAT TRIANGULATED
(SINGLE TRUSS) CORE SANDVICH PANELS SUBJECTED TO BOTH

UNIAXIAL COMPRESSION AND IN-PLANE SHEAR LOADS

Methods of analysis for the structural optimization
of truss-ccre =andwich panels subjected to unigxial compressive
loads wvere deriv;d in Chapter 1 of Reference 1. It vas seen
in subsequent numerical examples that under uniaxial com-
pressive loads optimum flat panels of single truee core con-
struction vere a few percent greater in weight than optimum
honeycomb core sandvich panel construction.

Methods of structural optimization for truss-core
sandwich panel construction subjected to in-plane shear ioadl
wvere Geveloped in Chapter 1 of this report. In Figure 5 it
is seen that in the numerical example performed in Chapter 3
truss core construction is aignificantly heevier than cptimum
honeycomd core conatruction.

It can be surmiscd that if single truss core panels
are to be used at all for combined uniaxial compressive locads
and in-plane shear loads it will very likely be for combina-
tions in vhich the in-plane shear load index ny/b is smaller

than the uniaxial compressive load index, Nx/b. Otherwise

the construction could very probably be inefficient compared

to other slternativus.
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It can also be seen from the expressione for optimums
construction that the optimum truse core conetruction for
uniaxial compressive loads differs in proportion from that
for optimum construction for in-plane shear iocads. PFor
instance, when face and core materials are the same, @ =
32.4° for the uniaxial compressive loads, and ¢ = 28.4°
for in-plane shear loads. It {s not possible there-
fore to have all failure modes in compression and all failure
modes associated with in-plane shear losds occur simultaneously.

Therefore in the case of combined losds in wvhich the
axisl compression load index predominates (wvhich is the more
desirable ratio of lx/“xy to use in this construction) {t
appears logical to use the optimum cemnstruction due te uni-
axial compression only, and modify the comstruction to account
for the amaller in-plane shear loads.

Under combined loade of uniaxial compression and in-
plane shear, Reference 8 gives the followving relationship for

a stability equation for a flat plate,

b o (5!-)1=| (b.1)
o}gr T?tr
vhere C¢ applied compressive stress
Or., criticel compressive stress
Te applied in-plane shear stress

T&, critical in-plene shear . tress.

8ubscript £ refers to face.
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This same relationship has been used in Bection
4.2.4.1 of Reference 6 for a sandvich panel.

In the folloving the subscript cr refers te critical
buckling stress wvhich has been omitted in previous chapters.
Also, in the felloving, stresses or lead indices vitheut
subscript refers to applied stresses or loads.

From EBquation (1.18) of Reference 1 it is seen that

g, - — D -
Lé& e+ Zt{J (k.2)
Ef 5in®
. .
O’Fcr‘ E f,:" (k.3)
=3 S F
[E{ SinO M tf]
Prom Eduntion (1.26) 1t 15 seen that
N
= g (k.3)
& 2t,
and .
Ty = e (k.5)
2t, |

Thus, utilizing (4.2) through (4.5), (4.1) can be written as
{ b 2
(Nx/b) R \’xx/ )
(5, /o)
er

2 - (4.6)
(n,,cr/%)

Using the structure proportioned coptimally fer
axially compressive loads acting enly, vhen lx /b 18 achieved,

er
there wvill be simultansous failure of the panel in overall
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buckling, face pliate buckling, and ved plate buckling.
Howvever with the panel optimally proportioned for uniaxial
compression, when shear loads incraase, the three ftilur!l
modoes due to in-plane shear will not ocour lilul@tnooully,
because the panel is not optimum for shear loads. It is
therefore necessary te determine vhich failure mode vwill occur
due to shear loads, at the lowest shear stress
for a panel thaé is optimum for compressive loads.

A truss cere panel proportioned optimally fer
uniaxial compression, for the most general lcforitl system {18
specified by Bquations (1.86), (1.87), and (1.88) of Refer-
ence 1. The optimum web angle © is given by Equatien (1.81)
of Reference 1. 8Substituting these values into the thf.c
expressions for stability for the panel subjected te 1n-§1:gc
shear loads, given by (1.29), (1.30), and (1.31), 1t is feund
that the panel proportioned optimally for compressive leads
vill have the lovest critical load in face plate dbuckling for
shear loads.

Thus substituting Equations (1.86) and (1.88) of
Reference 1°'into Equation (1.30), and utilizing (4.5) abdove

results in the following:

Y.
Nx}cr = L‘kf Ef’Ef)- qSl'nlg (ﬂL‘.") (%.7)
b T*Mo  Eof b
vhere
R/ Y
Efx Eec )
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. Y2
E.L_s_,.li[(EuEL,) 4 Vg Bl t 26y (""‘:‘”ﬁ"ﬂ (4.9)

and

Y

r R

N = rl’VIz‘,szg] (4.10)
."VI,F V,‘P

eand © is given by Equation (1.82), Referonce 1.

Fotice that Equation {4.7) provides a key relationship between

‘ltycr/b) and (chr/b).

It is now convenient to define ¢ as

. [E 3 V"l - ’
b= Yke [Er Ex] Sinle (v.11)
MM, ﬁ*
Hence,

(Roae) = & () (12

It is further convenient to define o{ as
o = (Nxy/e) (4.13)
(Nx /o)

Substituting (4.12) and (4.13) inte (4.6), the result can be

written as

(Nncr/b)z - (\N‘./")(thn/") = %; <_Nl./b).t =0 (%.14)

The solution of this eqguation is then

N,_f_z _é.(&;){ | + (. f.q%f)v‘}. (b.15)
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Note that if no shear loads are applied, then £ = O,

and (4.15) vould becoae Ner = ¥x » or the compressive load

b b

applied would be identical to the critical load, and since
the panel is cptimum for compressive loads, then wvhen

lxcr 1s applied, simultaneous failure would occur in all
b

three modes of failure. Where >0 , then the panel must bde

designed for a critical load N, greater than Rx , the
cr

b

applied axial loetding. ®

Looking nowv at the functional relationships for the
structure proportioned to be optimum for axial compression as
given in Chapter 1 of Reference 1 for various material systoms
1t 18 seen that tf/b, tc/b, and (H-Had/b) are proportional to

(nx /bfl/e. (nc

cr / cr/

it can be saen that

b) is proportional to (lx b)l/h. Therefore,

g ’ y
Nt ) :
Vo
9 -] ||
(4.16)
W-Wod (V!_ﬁu‘)
\S b )-J Ny grven : N!,Zm
N!u, Given N,‘,.a =0
(h%) = “1"'/'») {Hl +(:+ L%:)h " (4.17)
Nxvgmw N Nyol L




i NAEC-ASL-1110

The following deeign procedures are therefore given
for single truses core panels subjected to comdbined loads qf
uniaxial compression and in-plane shear loading, vhere the
uniaxial compressive loade predominate (vhich is :he situatien
in vhich thie type of construction appears more favorabdble).

l. Given: l!, lxy' a, and b

2. Be;ect material system and odbtain all material

properties needed,.

3. Letting “x above be considered as the critical

load vhen no shear forces are present, use the
procedures of Chapter 1, Reference 1, to

determine the optimum configuration, in the

i absence of shear stresses, thereby determining

Q@ as vell as

tf/b, tc/b,(w-w;d) , hc/b,
b

K given
x
N
xy
. Deternine 4>

For faces and core of different orthotrepic

raterials:

q>= Qkf [ E“J Sin 9

Lhﬂo Eof
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For faces and core of different isotropic

materiales:

b= ke Si'e
e { Ec | [1-¥ “ +4 Sm"s]
( E; ,'. ( \—Jf")

For faces and core of the same orthotropic

material {Sin%e = 2/7):

]
5 = ._8__ j!F EFIJEG'I !
4 Is v [ £, ]
F

For faces and core of the same isotropic

material (Sin29 - 2/7):

b= B ke

I v

5., Carlculate

Ny o)
(Nn/o)

6. Determire the required panel parameters and the

weight by Equations (4.16) and (4.17).

Consider a construction determined above for faces
and core of the same isotropic material. It can be shown
that for optimum construction in this case k, = 13.17 (Pigure

4-1, Reference 6). Then 4) « (0.712). Thus for various
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values of o it is of interest to determins the value of
W’
Ll (1e ua)®
Z Y

in Eguation (.16} to determine the veight penalty caused

vhen in-plane shear loads are present.

o {t[”(,*q_g_:)h]lh

-2 J
0 1.000
0.2 1.036
0.4 1.12
0.6 1.218
0.8 1.315
1.0 1.413
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CHAPTER 5

METHODS OF STRUCTURAL OPTIMIZATION FOR FLAT, WEB-CORE
SANDWICH PANELS SUBJECTED TO BOTHE UNIAXIAL COMPRESSION

ARD IN-PLANE SHEAR LOADS

Methods of snalysis for the structural optimization
of web-core sandvich panels subjected to uniax;al compressive
loeds were derived in Chapter 2 of Reference 1. It was seen
in calculations that optimum web-core construction 4id
not compare favorably with optimum honeycomb sandwich core
construction for use in applications involving only uniaxial
compiessive lcadings.

Methods of structural optimization for truss-core
sandwich panel construction subjected to in-plane shear loads
vere developed in Chapter 2 of this report. In Pigure 5, it
is indiéated that web-core construction appears most favorable
in the lowver range of ny/b.

Under in-plane shear loads only, the web thickness tc
(vhich 18 not stressed) is determined only by the requirement
that the face Btress T} be maintained within the material
allovables for any given N /b. Howvever, when uniaxial

X
compressive loads are preseit then tc/b must be sufficient to
prevent buckling of the web due to compressive loads. This
tc/b requirement may therefore lower 7. that 1s feasible to
satisfy the universal relationehip given by Equation (2.30),

vhen tc/b 18 specified. Since the weight of ihe panel in shear
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varies inversely as (g , 1f T, 1s reduced from the material
allovable due to some requirement placed on t /b such as

: c
resisting in-plane cospressive loads, them in Figure 5, the

slope increases, and thus veb-core construction appears

favorable over a lover band of l! /v.

80 as in Chapter &, again it mey be that (f
veb-core censtruction is to appear favorable for combimed leads
of uniaxial compression and in-plame shear it vill very likely
do 80 under lov shear loadings, vhere axial compressive loads

dominate the dbeh: vior.

It can also be seen from the expressions in Chapter 2
of Reference 1, and Chapter 2 of this report that the ¢éoletr1c
‘7ariables associated vith optimum construction for uniaxial
compression and the optimum constructioa for in-plane shear
loading differ. It is not possible therefore to have all
failure modes in cempression occur simultaneously with all
failure modes due te shear.

Therefore, in the case of combined loads im vhich the
axial load predominates, it appears logical to utilize the wveb-
core constructien proportioned to be eptimum or minimum wveight
for axial compression alone, and simply modify this cemstructiea
to account for the scaller in-plane shear loads.

Identical te Chapter &, 1t is feund that the geveraing
relation for the structural integrity of the panel under these
combined leads is given by

—._NIZ.B_ + (—'_xl/_f_ " 1 (5.1)

(8 /o) (M, /1)°

- 73 -




NAEC-ASL-1110

Using the web cere coastructien preportienmed

eptimally for compressive loads omly, vhen lz/b - 'x /b,
er

there vill be simultameocus failure ef the pamel im eversll
buckling, face plate buckling, and wveb plate bucklinmg,
Hovever with the pemel eptimally preportioned fer umiaxial
compression as Tk is increased, the failure modes will not
occur simultameously. It {s necessary to determine which
mode vill occur at the lowver face stress; and to deteraine

tbat lower buckliag atress as T}}r » im erder to determine

R
or

The preportions for the optimum web-core panel fer
uniaxial compressive loads are givem im Chapter 2, Referenmce 1,
for each of the material systems censidered. Substitutiag
these values im terms of (l!x /v)  (given as lxy/b in
Reference 1) imte the expresgfols for stability ef the wved
core panel due to shear loads givem by Equatioms (2.25) amd
(2.26) 1t is foumd that fer the pamel propertiened te be
optimum for uniaxial compressien, the lower critical stress
occurs for frce plate buckling due te shear loads.

In fact the ratio ef critical shear stresses fer the

panel preportiened te bs eptimal fer cempressive leads is,

for the wmost geaeral materials systenms,

|
- A
T - 24 (pr) ) Ea () (5.2)
U Bl {1+ 2(B)E)"
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vhere Tg = critical stress for overall buckliag

1}t- critical stress for face plate bucklinmg.

It can be shown that for most combinatiens of materials
the ratio gives by (5.2) is greater tham unity, remembering
that we are generaily discussing combixed loads in vhich
compressive loads predominate,

Thus, subftituting the equations feor tr/b and dt/b
given in Chapter é’ , Reference 1, for the must gemeral material
system into BEquation (2.26), and utilizing (4.5) above, the

result can be written as

W
Nh‘:r - 2_&[ [EFJ:,EIK] _f_u (?«‘; _ Nﬂg/b (50 3)
b nt L‘:op Ecx,

¢l \E
P {H z(%,(_ﬁ)}
Ex
This equatiom therefore provides a key relaticmship
batwveen tlLe two critical loads.

It 18 now convenient te defime the dimensionless

quantity ¥ , such that

¥z 2k [EEc]" &) (%){ | (5.4)

M5 Epp  |\Ecx '*1(%)(%}

N — {Nlc)
ner) =Y {2 :
( b ) \ L ko

SBubstituting (5.5) snd (4.13) inte (5.1) results im the vquation

+

(N,ncc/b)z" (Nl‘/b) (N"C'/b) - ‘—::—z; (Nl/b)zf-o (5.6)
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The solution for this equation is

(ﬁ‘f") - (%H,uz_[t +(| + %‘)V‘J} (5.7)

Therefore analogous to the methede eof Chapter A,

(@] e c

&
b

LC,»_-_\&_‘_(\ (‘L_:"_d) (5.8)

i
J—
(&
——
N
4+
.
<+
«lx
. e
—
&
—

(5.9)

The following design precedures are therefore givena
for wveb-core sandwich panels subjected to combimed leads
of uniaxial compression and in-plane shear loading vhere the
uniaxial compressive loads predomimate (which 1s the cem-
dition fer which this type of conatruction appears mere

favorable).

1. GQGiven: "x' , &, and b

N
xy
2. Select material system amnd ebtain all material

properties needed.

_76-




3

NAEC-ASL-1110

Letting lx given im step 1 de comsidered as the
critical compressive lead vhen me shear facer are
preseant, use the pracedures of Chapter 2,
Reference 1, te totermine the optimum ceafigura-

tion, ia the absence ef sktear loals.

ty te by dp  (W-W )
Thus /| — » — 1 — » —>» :
b b b b 'x given
uxy-o

are determined.
Determine Y :
For faces and core of differemnt orthetrepilec

materials:

- 2129: E‘_}_E‘Z‘l |
(a.)(%){n ‘(ﬁ)(géﬁ)}

For faces and core of different isotrepic

materials:

R

For faces and cere of the same eortheotrepic

materiel:
v= ke lig’fd
Int

For facas asmd cere of the same isetrepic material:

Y= ke
3nt®
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Calculate o<

A = (N"g/b)
(N)\/b)

Ditermire the required pamel parameters amd the

veight by Equatiens (5.8) smd (5.9).
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CRAPTER 6

CORCLUSIONS

Nethods have been derived to design minisum wveight
for flat sandvwich panels using triangulated (single truss)
core construction or web-core construction. Panels having
cores and faces oi differing or the same crthotropic
materials, as vell as differing or the same isotropic
materials, have been treated. The panel loadings are:
(1) in-plane ahe;r loads and (2) conbinQd uniaxial compression
and in-plane shear loads.

For the triangulated core construction under in-
plane shear loads, wvhere the face and core are composed of
the same isotropic or orthotropic matsrials,the angle 6 =
28.4° for the optimum construction vhen the edge restraint
coefficients are equal for both web and face elements.
S8imilarly the weight ratio for faces tc core per unit planforam
area 1is 1.316. For isotropic triangulated core construction
in wvhich both faces and core are of the same isotropic material,
that material which has the highest ratio of ll/z/p(l-vafivill
result in the least wveight panel.

Yor vedb core construction under in-plane shear loads
8= 0° will result in minimum weight construction regardless of
the materials used. It is found that the optimum face thick-

ness for a given load index is determined entirely by the

alloveble shear stress of the face material from a strength
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vievpoint. The optimum core depth is independent of the loead
index. Also the veight of the optimum \minimum wveight) panel
is independent of all material properties excspt taoe allovadble
face shear stress and the density of the face material. Thus
the best material for this type of construction is the one
having the highest value of (Tface/nf)'

From the examples comparison of FPigure 5, page 61, 1t
is zeen that for the typical example the optimum honeycomd
core conatructiop is lignificantli better than the optimum tri-
angulated corrugated core construction, and is capable of
carrying a corsiderably greater shear load.

The optimum vedb core construction results in consid-
erable veight savings over the optimum honeycomb sandwick con-
struction in the lov load inder range. Hovevur, it does not
compare favorably in the higher load range.

Combined loadings are treated in Chapters L an& 5.
O.e benefit derivea by the development of methods of analysis
for optimum (minimum veight design) satructures, othsr thean the
obvious benefit, is that it enables the designer to compare the
absolute minimum wveight construction employing commercially
available sizes that approximate the actual optimum dimensions.
In this vay he can more rationally assess the following coa-
siderations: the weight penalty of using commerci.’.ly avail-
able sizes or the cost penalty of using non-commércially
available sizes to obtain minimum veight. Obviously, the
dccision rests on the specific ayplication, but it can be made
rationally.
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It 18 elso recommended that a test program be
designed and executed to evaluate the optimization proced-

aves davsloped harein.
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