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FOREWORD 

I 
I 
I 

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 Unit No. 530/07, "Development of 
Optimization Methods for the Design of Composite Structures Hide 
from Anisotropie 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: 

NA1C-ASL-1109, "Structural Optimization of Corrugated Core 
ami Web Core Sandwich Panels Subjected to Uniaxial Compression," 
dated 15 May 1967. Forwarding date, June 1967. 

NAEC-ASL-lliO, "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-Ull, "k 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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8VMMART 

This report prettntt the äerelopaent of rational 

■ethods of structural optialzatlon for flat, corrugated core 

(•Ingle trues core) and v^b-core sandwich panels under two 

loading conditions:  in-plane shear loads, and combined uniaxial 

coBpression and in-plane shear loads.  In the latter loading 

condition uo«. J,U  «utiuo oi   tue netaoas aevexoped 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 cere materials.  Of equal importance is the 

fact that the methods developed can be used as a means of 

rational material selection by comparing weights of optimum 

construction for various material systems as a function of 

applied load index.  The methods developed are sufficiently 

general to account for orthotroplc or Isotropie face and cure 

materials and various boundary conditions. 

In Chapter 1, methods of optimization are developed 

for flat triangulated core (truss core) sandwich pan le subjected 

to in~plane shear loads.  Chapter 2 provides methods of 

structural methods of optimization for web-core panels subjected 

to In-plane shear loads.  In Chapter 3, a sample comparison is 

made between optimum construction of single-truss core, veb-core, 

and hexagonal honeycomb core sandwich panels subjected to in- 

plane shear loads.  Methods for the optimum honeycomb sandwich 

panels were developed in Reference 2 and the design procedures 

- ill - 



NAEC-ASL-1110 

pr«*«nt«d In R«f«ranee 3*   Chapter k  presents Methods of 

optlsitetion for trienguleted core panels under coabinatlons 

of lonsltadlnal uniazial eonpressiTe and In-plane shear loads. 

Chapter 5 treats «eb-eore panels subjected to these eoabined 

loadings. 

In each chapter design procedures are glren In detail 

for the design engineer to use. 

It should be noted that steady state tenperature 

effects are also easily accounted for by the nethods dereloped 

herein.  In a panel at a given tenperature condition it Is 

slaply necessary to utilize the stress strain dlagran or the 

tangent modulus«stress diagram and other pertinent aaterial 

properties of the desired materials for the temperature of the 

panel.  Loads caused by thermal restraints must be included in 

the load index along with the mechanically induced loadings. 

- Iv - 
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ifOTATIO» 

Pftoiil dla«ttBlon In tk« it dlrtctlon, In. 

A       Ar«n of th« cor« ptr unit vidtk of oorrugntlua 
efoiacetlon pnrnllal to tbo jrt pl«n«# in»  (••• 
IquAtions 1.1 and 2.1) 

b       Pnnol diaonslon in the y dlr«otionf In. 

d.       Diaonclon In the 7 direction oror vhiek faeo and 
* cor« aatorial ar« bonded or fattened together, la. 

(aee Figure 4) 

D .      Tranarerae ahear atiffneaa, per unit width, of a 
* beaa cut froa the panel in the 1 direction (i • 

x,r),   lba./in. (aae Kquationa l.k,   1.5, £,k,  and 
2.5) 

I       Nodulua of elaaticlt/, lba./in.2 

I       Modulua of elasticity of corrugated core aheet 
c       aaterial, lba./in.2 

Mt Nodulua of elaaticity of face aheet aaterial, lba./in.2 

B       Definitions given by Equation (4.9) 

I 

¥       Reduced aodulua of elaaticity, lba./in. 

o 
Ö       Shear aodulua, lba./in.  (i « e,f) 

-vll- 
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k.      Cor« depth, in. o 

T       Noa«nt of Inortl« of th« cor«, p«r unit width of 
c       th« corrugation croiaoctlon p«r«ll«l to th« y% 

plan« t«k«n «bout th« c«ntrold«l «xls of th« 
eorrugation oro>««ctlon, in.' (««« Iquntion« 1.2 
«nd 2.2) 

If       Noaont of inortl« p«r unit vldth of th« face« 
considered a« ■eabranei, with respect to the sand« 
vlch plate Middle surface, in.' (see Iquations 
1.6 and 2.6) 

i Buckling coefficient 

T       Definition given by Equation (1,19) 

K       Buckling coefficient 

K^ Definition given by Bquation (1.10) 
« 

k Buckling coefficient for veb elenent 

k Buckling coefficient for face plate element 

N Definition given by Bquation (^.6) 
o 

V Conpressive in-plane load in the x  direction per 
x unit panel width, lbs./in. 

I       Critical compressive load in the x direction per unit 
x
eF     panel width, lbs./in. 

I       Shear force per unit width, lbs./in.  (Defined as 
27      critical shear load/inch in Chapters 1, 2, and 3, 

defined as applied shear load/inch in Chapters k 
and 5) 

- vlll- 
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Critical  shear  load/inch  In  Chapter«  *> and 5 

h  2 2 
-E^    Sin 9     Co«  0 
V 
Thickne«« of core veb, in. 

Thickne«« of faciag material, in. 

Core traasverse shear flexibility paraaeter (i • x,y) 

•w Total weight per unit Dlanfora area of panel 
construction, lbs./in. 

Weight per unit planform area of core (lac) or 
facing (i - f) material« 

ad 
Weight of adheeive or other joining material between 
facing and core per unit planfora area, lb«./in. 

Panel in-plane coordinate (see figure 2) 

y 

X 

Panel In-plane coordinate («ee Figure 2) 

Panel coordinate normal to mid-plane of panel («ee 
Figure« 1 and h) 

(N  /v) / (H ,J * xy/b ' x x/b 

^ Shear «train (in./in.) 

r Definition given by Equation (5«M 

Shear angle («ee Figure 3)  (i " c,f) 

1 Plasticity reduction factor 

-ix- 
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4 

• 

Dafittltioa glT«n by Iquatloa (4.11) 

Aagl« v«b Material aakci with a 11a« aoraal to plan« 
of fac«« 

ft 

a- 

Poiason'« ratio 

Daaalty, lba./ln.   (i - c,f) 

Straaa^ pal 

Principal atraaa, pal 

ti Shear atraaa, pal  (i * e,f) 

Daflnitlon given by Iquation (k.10) 

— x - 
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CHAPTER  1 

IHTH0D8 OF STRUCTURAL OPTIMIZATIOM FOR FLAT, TRIAIGULATID 

(BIHGLl TRUSS) CORK SANDWICH PAHBLS SUBJICTIO TO If-PLAII 

8HIAR LOADS 

A.  IHTRODÜCTIOH 

Consider • fl*t corrugated cor« «andvlch panel 

idealised by the following construction, shown in crossectlon 

in Figure 1. 

C     f     Di 
fcf'       U-pitch  

Figure 1 

Triangulated Core Sandwich Panel Construction 

There are four geonetric variable» with which to 

optimise; naaely, the core depth (h ), the web thickness (t ), 

- 1 



MABC-ASL-lllO 

th« fac« thickness (t), and th« angl« th« «ab aakas «1th 

Una aoraal to tha faeas (0). 

Tha OTarall panal to ba consldarad la shown In 

planfora In Flgura 2. 

^^ 
"ty „ ^ _fe 

\ 

1 .   ^SfNA^'l 
1 1   <i ?-u-, \K> 

1 i !*• 
[in1 K 

J 
I 1            i 
i i       ' ' i f 

\ i i 1 i M i f , f 

X* 

^ »  -^— -^ «s:— 

s 
r- b  

Flgura 2 

Planfora Vlav of tha Panal 

This panal of width b and langth a Is subjactad to 

ln-plana suaar loads i  and H  (lb./in.) as shown In 

Flgura 2. 

This panal la considered to fall If any of tha follow- 

ing Instabilities occur: overall Instability, local face shear 

Instability, and shear Instability In tha web.  Thus there are 

- 2 - 
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three «ode« of instabilit/, end four geoaetrlc rarlablea vlth 

I which to optlalse.  To describe each inetabllity, the 

•nelytlcal expreteloa uted In the following is the beet 

I ereileble fro« the literature. 

I 
I 
I 
I 
I 
I 
I 

- 3 - 
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B.  ELASTIC AgP QIOMKTP.IC COHSTAJTS A880CIAT1D WITH 

TRIAHQÜLATIP COR1 CCBSTRVCTIO» 

Th« elastic and gaoaetrlc constant* for th« 

triangulated core construction can be deternlned fro« those 

given In nor* general for« by Libove and Hubka In Reference k. 

In the core construction given In Figure 1, the following 

constants are obtained. 

The area of the core per unit width of corrugation 

erossectlon parallel to the yt plane, Ae, Is given by 

c 

Sin 0 

(in.) 
(1.1) 

where the synbols are defined In Figure 1. 

The aoaent of inertia of the core per unit width of 

corrugation erossectlon parallel to the yt plane, taken about 

the centroldal axis of the corrugation erossectlon, I , Is 

seen to be. 

t  h  2 

T   -   c c 
m 

Äh    2 

c   C 
c       12 Sin 0 12 

(in.3) (1.2) 

The eztenslonal stiffness of the plate In the x 

direction, KA , is given by 

«A  - I A  ♦ 2 I.t- 
x   c c     f f 

(lbs./In.) (1.3) 

where 8 and Sf are the aoduli of elasticity of the core and 

face aaterial respectively. 
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I 
Tb« transverse «hear stlffn**«, par unit width la 

I tba y direction, of an eleaent of the sandwich cut by two 

I 
I 

kz planes, D , Is found to be 

0**« Cos 9 /,>. iin D  - -H-2       (lb./I». {1  k) 

«I*    tan 0 

I The transverse shear stiffness, per unit vldtb In the 

z direction, of an eleaent of the sandwich cut by two yt 

planes, D^, is given by 

8h K     t 3 

V   (l-V 2)   h J 

c      c 

where V !• the Polsson's rstio of the core aaterlal, and 

h 2 

8 - -Irr Sin  0 CoB ö (1.6) 
V 

Hence substituting (1.6) Into (1.5) results In 

B t 
D  - c c    Cos2 0 Sin 9 d.7) 
47   (l-^2) 

This expression agrees with that deteralned by Anderson 

In Reference 5. 

Lastly, the aoaent of Inertia per unit width, I , of 

the faces, considered as membranes with respect to the sandwich 

plate alddle surface. Is seen to be 

t h 2 

If ■ f c (l^.3) (1.8) 
2 
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C,     GOV1WMIHO  BQUATIOKS  FOR  PAMBL8  WITH FACIS AID C0RI8  OF 
i I 

DIFFgRKKT  ORTHOTROPIC  MATBRIAL8 
i 

;     i 
, i 

\ Sine« panel* In which the faces and cores utilize 
i 

different orthotropie naterials is the aost general aaterials 

systea considered in this study, it is convenient to derive 

all expressions and subsequently perfora the optiaisation for 

this case first. 

1.  Overall Stability 

The best analytical expression describing the overall 

instability of a triangulated core sandwich panel under in- 

plane shear loading is given by Equation (B), paragraph 4.2.2.1, 

page &k  of Reference 6.  That equation, put in the terainology 

used in this study, is written as 

rf - iii^foL. [^]  !  j (i.9) 

where: 

f„-  P.t.tie^fr ^A^ ^V*] 
(1.10) 

A - C1C3 - B2 C2
2 + B3C2 (B1C1 + 2 BgCg > -1) (l.ll) 

Bl 

'-V? S
1 

(1.12) 

- 6 
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B. - 
2 0 - (1-^  „ V _) ♦ 1,  V xyt xyt      «yf    fy  xyf 

V^TT 
(1.13) 

o  (i - v   "^  ) 
B -  xyf 'yf   y'f 

fvs: 
(i.u) 

b2    D 2   co. 9 V (r-)    7~^ 
xyc 

(1.15) 

(-i) (^) 
t    b 
c Cos 9 81a 9 

» ex cy 

(1.10 

C through C ar« glraa by l^uatioas (7) through (10) 

la R«fer«ac« 2 for rarloui boundary conditions, vhsra for shaar 

loading n • 1 only la th« «xprsssioas. 

In th« aboTo subscripts c and f refer to the core and 

face respoctlrely, and 0  refers to the in-plaae shear stiff- 
ly 

aess of the aaterial.  T is the ia-plaae shear stress, aad 

KM (V-0) refers to the ralue of Iquatloa 1.10 «here V - V-0. 

7 - 
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Th« coefficient J 1« found by Figure k-X,   page 6k, 

Reference 6 for orthotropic panels vith »laply supported edges 

vbose axes of elastic syaaetry are parallel to the edges. 

In tbis Figure, J is plotted as functions of B above and l/r 

vbere 

i - * (*tx)l/k (1.17) 
Bfy 

It Is convenient to rewrite Iquation 1.9 as 

r .  /-  3- .lA  h 2 
^ fy    f«?    (-£) I (1.18) 

wh-r« J -  , s . fM^0) _ il (1.19) rKii(Y-0). n 

2.  Face Plate Instability 

Looking at Figure 1, it is seen that each plate 

element of tbe faces froa A to B can buckle due to tbe applied 

shear loads K  and If    Since the support condition of the 
xy     yx 

plate element along the edges depicted by A and B are not 

known precisely, it is conservative to assume that they arc 

simply supported edges.  For such a case, the governing equation 

is given by Bquatlon (9-29) of Reference 7, for an orthotropic 

piste whose axes of elastic symmetry are parallel to the edges. 

Placing the equation in the terminology used herein, and since 

'xv " 'CH t   where h is the piste thickness 

8 - 
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3. I1/1» 1   [«/«J ,h 2 
I   'J—  (r) (I-») 
(l-V V  ) 

xy yx 

In this «zprcaslon k Is a cosfflclsat plotted 1B 

Rsfarance 7, Flgura 9-^2, aa a fuactioa of two paraaatara 

A and Q- .  It ia obvious that If Ö - f and f - Bg, than 

Pigura 9-42 of Rafaranca 7 aad Flgura 4-1 of Rafaranca 6 ara 

Identical.  Henca, tha k of Equation 1.20 la Identical to the 

J of Equation (1.19)* 

from  Figure 1, It Is seen that for the face plate 

Instability h • t and b - 2 h  tan 0, hence, Iquatlon (1.20) 

la written aa 

^   12  (l-V /» ,)   h Z tan^O x   xyf yxf    c 

where k ia daterained as j in Figure 4-1, Reference 6,   In 

which for this plata alenent B ia given by Iquatlon (1.13) •■'s 

1  .  2hctaB 9  (V,
1^ 2) 

Kfy 

3.  Web Plata Instability 

Likewise the local plata aleaenta of the triangulated 

core can become unstable du« to shear atresaea induced Into the 

core by the shearing of web faces.  Again, the conaervatlre 

asauaptxon Is aada hare that the web eleaenta are siaply supported 

9 - 
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along the «dg«a  A and  C depicted  in Figure 1. 

Referring to  Equation   (1.20)   and  the  geoae*  y of 

Figur« 1,   it le  eeen  that h  -  t  ,   b - h /Cos 9,   and the c        c 

•zproeeioB deaerlbing the veb plate Inatabilltjr is 

k   fe  3B "ll/,,    t 2 

v   xyc yxc' c 

«her« k ia found by Figure k-1  of Reference 6, «her« c 

B -  v«yc ^   xyc yxc7   'vj  'xyc (i,2k) 

V^S? 
and i/jj 

h, B- ex 

^T  a Coa 9    cy 

k.     Load-Streee Relatlonablp 

Looking at the conatruction ahown in Figure 2 along 

the edgea at x • 0 or x « a, the ahear reaultant I  ia 

primarily realated by the two facea.  Bren if the core-elenents 

are bonded to or otherwise faatened to aoae edge fixture through 

which the ahear K  la traaaaitted little load will ba intro- 

duced into the core web platea directly.  The anall "atlffaeaa* 

of the veb platea to loa^a in the y direction relatire to the 

large "atiffneaa" of the faclnga reaulta in the priaary load 

path being the facea.  Hence, the load atreaa relationahip is 

taken to be 

iüL- ^UL - t> (1.26) 
2tf   2tf 

- 10 - 
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This !• «ot %o  laply that load« ar« aot latrodaccd 

lato tk« cor« •!•■•>%■ by th« farts as tk« ■•chaale« of this 

bakarior deserlbad balov «kcvs. 

J.  Cora Strass - Facs Btrass Ralatloaskl» 

Coasldar th« ropaatad ualt of tka trlaagulatad cor« 

eoaatruetloa skova la rigur« 3. 

1     ^ 

C*9 

ualt of Coastruetloa 
Prior to Doforaatloa 

Pac« 
llcaaat 
D«fora«d 

(Plaafora) 

Figur« 3 

Cor« 
ll«a«at 
D«fora«d 
(Plaafora) 

11 
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Da« t« ta« «haarlag dafersAtloB« of %u« f«c«a, skvarlag 

d«fora«tleB« occur is tb« cor« elae* th« vob «loaont aad th« 

faea ar« boadod or othorwls* eeaaeetad at thalr Jnactloaa 

alaaf äh,  gh,  ate. 

Fraa «laaaatarj «latticitj tk« fellovlac rolatlaaahlps' 

ar« ralld wh«r« £    (l-c#f) ar« ik« ik«ariaf ttralai aad tk« 

«%k«r «jrabolf ar« giT«a la Figur«« 1, 2,  aad 3. 

» 

xyf 

8 «xyf - Yf 

st 
t      h taa Q c 

•• d • 
%the  taa 9 

F 1 
tc «•a/c 20 

jqro 

2 £ 
aye 

■ 
e 

'»f m Jc Co« 0 
e "c 

e 
m Tc'c 

0  Co*  0 * 0xyf v  "rye 

But for eoapatability of d«roraatloa« S    "    S t  boac« 
c f 

c 0Xjrf 

It i«  sbTiou»  that If 0 or 0 ar«  s«ro th«r«  Is  ao 
xyc 

•tr«st  induced iato tb« cor« «l«a«at. 

-  12 - 
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6.     WtlKht  R«latioBthip 

Th«  vclght  rclfttioBshlp  Is   staa   %• be,   fro«  Figur«  1, 

W "  2  ff^  + fÄ  +  \* •' 

pcte ^'^ 

wta«r« pf «ad p  »re the weight deislty of the f«ce aad cor« 

■•terltli reipectlrely; 

V||d It the weight la lbs./la.
2 of pleafora ere« of th« 

adheslre or «ay ether ■aterlal ueed to Jola fae« «ad cor«) 

V la «eight ia ibe./ln^ of planfora «re« of th« «atlr« 

p«B«I. 

- 13 - 



NAEC-ASL-1110 

D. STRUCTURAL OPTIMIZATIOH OF fAHELS WITH fACSS AHD CORB 

OF DIFFKRIHT ORTHOTROPIC MATIRIALS 

Th« goTarnlDg «quation* partkinlng to thii eoattruc- 

tlon to b« usod in  th« optlaltatloa ar« givea hj  IquatloAk 

(1.10), (1.21), (1.23), (1.26), (1.27), and (1.2»), aad ar« 

r«p«at«d balov for conr«nl«oc«: 

(E, 3lf J1^     h 2  -r 

Kf  l*fy "fx'       f 

f  12  (i.v  v M 
xyf  yxf )    b 2  tan 0 

(1.30) 

K        (■ 3B )1/V   t 2 

c   3    (l-V  V  )   h 2 N   xyc ycx'     c 

II   - II   - 2 X t (1.32) 
xy   yx     f f 

0    7. Sin 0 
T . xyc  ^f Te-~i- d.33) 

0xyf 

W - W . pct 

b 

ad rc c 

Tb« phlloaopby of optlulzatloa !■ at follow«:  A 

truly optlBUB struntur« is on« which ha« a unique ralu« for 

- Ik  - 
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•ftcb dcpendeat rftrlabl« within the class of structure belag 

'-udlad (triangulated core sendvlch panel, .for exenple), 

Jfor each set of aaterlals (7075-T6 clad aluislaua, for 

example), for each set of boundary conditions (slaply 

supported on all edges, for example), and Is the mlnlaua 

possible weight for a specified set of design loads (in- 

plane shear load per unit width, "  , for exaaple), and 

will aaintaln Its structural Integrity (no «ode of failure 

will occur at a load less than the design load).  In this ease 

the optlaua (alnlinua weight) structure will hare the 

characteristic that the panel will become unstable in all 

three buckling modes simultaneously.  If this is not the case 

then one of the failure modes corresponding to a face stress, 

say %  , occurs at a higher ralue of stress than the other 

two, say  "t^- T3 <. T,    However, the panel will fail at a 

load corresponding to the lower face stresses  ti and Tj   , 

say I - H,.  This in turn means the4'- there exists material 

(which of course has weight) in the structure which is not 

being stressed or strained sufficiently for it to be used most 

efficiently.  Thus there are two alternatives available: 

(1)  Material can be removed until the failure mode originally 

occurring at %    is reduced to the critical stress T|, * Tj  , 

in which case a lighter structure results for an applied load 

'2 * "v  ^  Material can be rearranged, reducing the critical 

stress value originally at X,   corresponding to the first mede 

to some value T4 , while raising the critical face stress values 

- 15 - 
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associated with th« other two failure codes originally 

occurring at Xx  and Tj to a value Ti^ /1| > Tty } ^  « fj ) 

Mow the structure with the saae weight as the original 

arrangeaest can withstand a load If. (corresponding to t^ ) 

where H. > M^ - i^, hence a greater load carrying ability 

for a given weight.  Obviously both (l) and (?) can be 

performed siaultaneously so that soae aaterial is reaoved and 

soae rearranged, resulting in an optinua, ainiaua weight 

structure. 

Returning to the Iquatiens (1.29) through (1.3k),   the 

known or specified quantities are the applied shear load per 

inch M ,   and the panel width b, which can be luaped together 

as the load index (K /b); the aaterial properties; and the 

panel boundary conditions.  The buckllr- coefficients J, k 

and k  are coastants for any given set of variables and hence 
c 

are constants for the optiaua construction being sought. 

The dependent variables in the set, with which to 

optiaize the construction are the face thickness, t . the 
f 

core depth, h . the web aaterial thickness, t , the web apgle, c c 

0, the face stress, %   ,   the core stress, X   ,   and the weight, 
r c 

*    '    *    A' ad 

It is seen that there are six equations and seven 

unknowns.  The seventh equation is obtained by placing the 

weight equation in terns of one convenient variable, taking the 

derivative of the weight equation with respect to this variable, 

and equating it to zero to obtain the unique value of the 

16 - 
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variable vhlcb results in a nlnimun wsight atructur*. 

Manipulation of Equations (1.29) through (1.3^) 

results la an «xprwssion for the weight equation involviBg 

only the dependent variabls 9, as shown below. 

SH-^ad 3^   &     (V") 
'/t 

Esr"1 

4'/t M(^e)^(fP)(^-f) lull i^l 

wher c,f) 

(1.35) 

(1.36) 

Taking the derivative of (1.35) with respect to 6, 

and equating it te zero results in a value of 0 in terns of 

■aterial properties and buckling coefficients which will result 

in ■ininua weight structure.  This expression is: 

uizMm^*-^'0 (1.37) 

■ote that the optlnun web angle is independent of the load to 

which the panel is subjected. 

A  universal relationahip" nay be obtained fron 

Iquatlons (1.29) through (1.3^) which relates the load index 

I /b to a unique value of face shear stress Tf fer any set of 

naterial properties, which will result In niniaua weight. 

- 17 - 
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For « glre» load index R  /b, a panal dealgned vhlch hat a 

faca itre«« t^ higher or lower thaa tha value given by the 

following relationship will result in a panel which hae a 

weight greater thaa can be achieved if thie universal 

relationship is used. 

II     I» yT tan Ö   '^2 

r" k//^ y i/*   77 (i-3ö) 
I of 

where 0 is obtained from (I.37). 

The reaaining geon-trlc variables t . t ,   and h , as 
f   c      c 

well as the weight equaticn can BOW be expressed in terns of 

the optinua face stress Tf   obtained in (I.36) above. 

tf       g 17    tan 0 T^ 

r-o/2T1/E«, (1,39) 
IT " * 

»c        /J (m. »)1/2   0       1/2 ^f 

r' k ^ = 1/= ^77   (^)   . 1757775 
c " uxyf »c sf 

(l.^O) 

b 
c 

Jl/S .    1/2 
(l.U) 

-  10 
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jtfi>^,ji£!j^r^s.o^^(IK^:) (fe) Ll) i a.**) 
^J*1^ (C0»e) (s.r,©)*

1 

Of couri« Squatlon« (1.39) through (l.Vl) kmu  b« 

•xpr«s««d in terai of tbo load indox by tho proper substltutloa 

of tho ualrorsal rolatloathip Kquatloa (1.38).  RowoTcr, tho 
i 

•xpretalona aro aoro coaplleated to uao than those oxprossod 

la tarn« of tho optlaua face straa«. 

Aaothar useful relationship is expressed below, usiag 

Equations (1.39) "d (l.4o). 

t    1 0   1/2 I 1/2 k 1/2 

(—)  ^  , ^7?  (1^3) 
■_    k.   (Sin «)X/if t.    2  0  , f       xyf      sc 

Detailed design procedures for this type >. f coastructioa 

are givea ia summary ia Section H of this chapter. 

19 
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I.  STRUCTURAL 0PTIMI21ATI0H OF PAHBLS WITH FACB3 AMD CORK 

Of DITFKRBHT I80TR0PIC MATERIALS 

By aaklng th« following contractions of the rasulta 

of th* prariou« «ection, the optional relatiomhipe are 

obtained for panel« vlth faces and cores of different Iso- 

tropie ■aterials. 

V   -V   -V,    (i-c,f) 
xyi   yxi   i ' ' 

«si-7^ST (i"c'f) 

The expression yielding the eptiaua value of the web 

angle 0 is given by 

(l>5) 

ffs.-.a^Cwa ♦ xCs^^-jeLULL^^ [G*^ -1.Si«*e] = o 

■ote that the o^tlnuu web angle is independent of the applied 

shear load. 

The uaiversal relationship is given by 

»        »V? d-O    t..» rf
2 (i.w) 

The other geometric variables as well as the weight 

equation given in tarns of the optiaun stress are seen to be, 

*f   2 VT (l-V 
2) tan © 7:f ,  . x 

r k//2Ti/sBf 

- 20 
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Vi 

(l.W) 

(1.^9) 

It Is «Is« «••■ that 

(1.50) 

(1.51) 

D«t«ll«d design procedure« for this vorp« of eeastruetloa 

ar« glvaa la «uaaary la Section H of thla chapter. 

- 20a 
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F.  8THUCTURAL OPTIMIZATIOlf OF PAWULS WITH FACBd AHD 

COR1 OF TH1 8AMK ORTHOTROPIC MATBBIAL 

By eoatractlBg the expreatioas of 8«ctl«m D for 

p»a«l« with face« »ad car« of dlffaraat orthotroplc aatorlali 

by th« follovlag •uhstitutioa. 

xyc 

1 vy« 

i 

xyf 

yxf 

■f 

«y 

y« 
U.52) 

th« roaultiag «xpracvloa« analogous ta the previous two 

saetioaa are fouad. 

The optiaua web angle 0 i« deteraiaed by 

*(s*o\nCo»e4-z(s.-c)1/l-/if^r^/erxs^'e] * o (1.53) 

I 
I 
I 

Hote that 0 la coapletely ladepeadent of all aaterial 

propertiea aa well aa the applied ahear load.  In particular, 

'f if k, - kc, © - 28.VO. 

The uaiveraal relationahip ia 

The other iaportaat relatioaehipa are glvea by 

(1.5«0 

tf % zC}  ta^e TP 

4rF^ j ^ ffs (1.55) 

21 
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k 
G,s©   €% e rvi (1.56) 

TV V,. 
(1.57) 

-M^ w-w^ . ^pr.   f^mgt^ig) 
V1 j"^' I ce.e(^9)"«. 

(1.58) 

(1.59) 

SlapIifylKg the weight equation (1.35) '<"* thi« class 

of material aysteBS, the olninua weight panels for a given load 

index If  /b is given by 

(1.60) 

Two conclusions are drawn.  First, the best ortho- 

tropic material to use in such construction is the one with the 

highest ratio of  fEuJ fx] 8 
35 a 

Secondly, the ratio of face weights to core weight is 

V^c      /l. /i \V». (*fAc)" 
(1.61) 

22 
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I«   tk«   cm»   »f  k     »  k   ,   Q  *   2&.k*  and   W./w     -   }.?l6. 

Det«li*ä   ««««ig»  procfldur««   f©r   thl»   tyt«  of 

coBitructioa  *r«  i|iv«n   1»   ■unaBry   i>  Svctioa  B  of   this 

chaptor. 

I 
I 
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I 

I 
I 
I 

0.  STHUCTUBAL OPTIMIZATION Of PAWBLS WITH fACBS AMD CORK 

Of Tflg SAMS ISOTROPIS MATERIAL 

Auaiogcua to the previous lectlona It Is •••11/ •••■ 

tbat the luportaat optional relationship« for this class of 

■Kterlal systeas are as follows. 

The optlnuB web angle 9 is deterained from the 

«^UfttiOB 

(s^e)"1 USB + L(s-&) L* Iki^1 \ L S.n1© - d'©] (1.62) 

Again, the optlaun veb angle 0 Is Independent of the ■nterlnl 

used ns well as the applied load.  For k  » k , the optlaua 

e 
web angle 0 - 20.UO. 

Having found the optlaua web angle 0, the universal 

relationship is given by 

are; 

(1.63) 

The other relations defining the optlaua construction 

(1.6%) 

^        ^J^e Co»© 
(1.65) 

b .^J  -I 
(1.66) 

- 2k 
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(1.67) 

(1.68) 

Slapllfyiag th« valgbt «quatl«« glrmu by (1.3$) f«r 

this elan of «attrl«! ■yatca«, th« weight «quati»« la tara» 

•f th« load ladox 1« •••■ to be: 

»>    VeVpi 1^      [ 5.«d (Ces&)**    ' 
(1.69) 

Slailar to the prevlou* eectloa, It 1« eeea that the 

beet aaterial to use la this type of ceastructloa far these 

leading coaditioas Is the asterlal with the highest value cf 

t^/pli-i*) Secoadly, the ratio of face to cere 

velgbt Is 

If k  - k , 0 - 26.k0,   aad W.  - 1.316. 

(1.70) 

Detailed deslga procedures for this type ef ceastructloa 

are gives la suaaary la Sectiea H of this chapter. 

- 25 



NAEC-ASL-lllO 

F. DESICW PR0CEDUP.8S FOR PAHELS OF OPTIMUM TRIAWGULATBD 

CORE (SIWCLE TRUSS COPE) COHSTRUCTIOW UWDKR IH-PLAME 

SHEAR LOADS 

Prior to dlscuaslng the detailed design procedures, it 

is edvantageouB to discuss certain characteristics of the 

coefficients J, k , and k  which result in significaat 

sluplifications to the design procedures.  from Kquatlea 

(1.19) it is seen that 

J - A. 
1 + 4 KM(V-0) 

LKM 

(1.71) 

The coefficient j is determined in a straight forward 

manner from   Figure 4-1 of Reference 6,   in which it is plotted 

as a function of B^, given by Equation (1.13).  (Mote B„ ■ 1 

L/S for an ieotropic material), and l/r • (b/a) (Efc/fcfy)   • 

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

ahear flexibility parameters, Vj, and V.. , given by Equations 

(1.15) and (l.l6).  It is found that in many material 

systems and a broad spectrum of values of (if  /b),  VJ,  and Xy 

VH are very small.  For instance, for a square panel composed 

of 7075 - T6 clad aluminum alloy, for a load as high as that 

corresponding to Vf   - 40,000 psi (2000 psi below the ultimate 

shear stress), V* . 1.10 x 10"3 and   V^ - 1.8 x lo"3. 

Hence, in most numerical calculations K  (V-0) d 

Kw, resulting in 
J - J (1.72) 

26 
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Thla can be deteralned at the outset of e design end 

hence en iteration is not needed to design the panel. 

Slnllarly k Is deteralned as the coefficient J In 

Figure k-X of Reference 6 plotted as a function of B giren 

by Iquatlon (1.13) «nd l/r - (2 hc tan ©/a) i*tJ*ty) • 

Since In aost panels ^c/a « 1, l/r % 0.  In this case k 

can be obtained, without Iterating, froa Figure ^-1, Refer- 

ence 6 at the outset.  Since k  Is nearly constant for 

0 K.  l/r < 0.1, It would appear that only a rery unusual 

coablnatlon of aaterlals and geoaetry would require an Iteration. 

Likewise k  Is dateralned as the coefficient J In 
c 

Figure fc-l of Reference 6, plotted aa a function of B  given 

by Equation (1.2^), and l/r - (h /a Cos 0) (B  /E  )1' .  As 
c c x  c y 

above h /a « 1 so that l/r ^0.  Hence, k  can be deteralned c' ' '  c 

In aost cases at the outset for l/r ■ 0. 

Note also tbat as a result of the above discussion 

usually assualng k /k  - 1 la 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 tlae and 

effort in developing design curves for panels of this type of 

construction subjected to In-plane shear, the following 

procedure is suggested.  Since there is considerable duplica- 

tion in procedures fur each of the various material systens, 

the procedures below aie presented in a unified fashion. 

27 
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1. Known quantities:  a, b. If  /b 

2. ;■ fleet the material sytten and obtain the 

material propertle«:  E  , B  , B- , B,_» r ex' cy'     tx*     ty' 

Vxyf' Vyxf' 
V,yc' 

Vyxc- Pc' ff "d th* 

ultinate shear stress. 

3. Fron Figure U-l, Reference 6 obtain J 

utilizing the facts that 

Orthotroplc Face Material;    Isotropie face Material 

^TTTt^ 

r  a. 

At the outset assune J • J. 

U,  From Figure '♦-I, Reference 6 obtain k 

initially for 

Orthotrot'lc Face Material     Isotropie Face Material 

5. From Figure U-l, Reference 6 obtain k 

initially for: 

Orthotroplc Core Material     Isotropie Core Material 

^ - O r- 

Note:  For initial calculation k./k  • 1. 
*  c 

6. Determine the web angle 0 for the minimum 

weight structure through the following equation: 

-28- 
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faces and core of different orthotroplc aaterlali 

Faces and cere of different Isotropie aaterlal«: 

Pacea and core of tbe sfcae orthotroplc or 

laotroplc materials: 

For Initial calculation 9 - 23.4  (i.e. where 

7. For the calculated value of 0 and tbe load Index, 

determine X from the "universal relationship". 

Faces and core of different orthotroplc materials; 

k»   ^ P^     £>f 
Faces and core of different Isotropie materials: 

Faces and core of the same orthotroplc material*: 

29 - 
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' 

Paces and core of the sane Isotropie aaterlals 

N^ ,  Hfl ti^& j,-^) r£ 

8.  Determine the optlmun face tblckne«« by 

9- Determine the optimum web core tblcknee« by: 

Paces and core of different ortbotroplc ■aterlale: 

Paces and core of different Isotropie materials: 

Paces and core of same orthotropic or Isotropie 

materials: 

t- Hit (S~e) %' 

10.  Determine the optimum depth of core by: 

Paces and core of different orthotropic materials: 

to 

Paces and core of different Isotropie matorials: 

30 
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Face«  and  core  of  •«■«  ortbotroplc  ■•terlal; 

^ ®r 
face« and core of ••■« laotroptc ■atarlali 

& ,   ffcOtV]' 
U; J 

I 
I 
I 

11.  Determine the weight of the optlaun construction b/t 

Faces and core of different materials: 

Faces and core of the same material: 

^l-VtU. f \(t/)T{W.)l 

12.  The Initially calculated values of J, k  and k 
f     c 

can now be checked. 

For the optimum configuration calculated in 

steps 6 through 11, V  and "V„ can now be 
x      f 

calculated using Equations (l.lj) and (l.l6). 

Then K., can be calculated using Squation (1.10) 

and K  (V- o) can be calculated using (1.10) 

in which Vx - ^y ■ 0.  Hence J can be calculated 

from (1.19) in which J is the nunber calculated 

in Step 3 abovt. 

- 31 - 
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■'3 

A nev value of k  can be calculated froa 

Figure k-1   of Reference 6, In which the B 
i 

value calculated in Step ^ above ie   U3<>d 

with the actual value of l/r, which i» 

1/^ 

■n 

2  h     tan 6    E 
_J   (_l£) 

Efy 

A new value of k  can be calculated froa 
c 

Figure 4-1 of Reference 6, in which the IT 
2 

value calculated in Step 5 above is ua«ä is 

conjunction with the actual value of l/r, which 

ie 

1       * 
a Cos 0 (JLi) 

E 
cy 

The new values of J, k , and k  car. be 
f       c 

compared with the Initially calculated value« 

to determine if an iteration should be made. 

It is worthwhile to note that in the construc- 

tions involving the same face and core 

materials, be the material orthotropic or Iso- 

tropie, the optimum weight given by Equations 

(1.60) and (1.69) varies explicitly as the 

—   lA 
inverse of (j k ) '  , although the ratio 

1/2 
(k /kc) '  is involved both explicitly in tho 

weight equation as well as in determining 9. 

However, there should be a sizeable difference 

32 - 
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I 

I 

I 

la the values calculated here coapared with those 

circulated initially te aerit aa iteratlen la 

the ctlculatlea, «lace the weight la •• 

inieaait.tTe te the valuea of J, kf, and k.. 

13.  rinalljr, aiac« la any «laatlc bedy la a tw#- 

dlaenalcaal atresn field, depicted in figure 2, 

aubjeeted te pure shear, I 

crMcr - ^ 
N       2t£ 

It Is necessary that X f  
a"d T^c  re"aln »* * 

raiue at er below a stress ralue corresponding 

te the proportional Halt of the aaterial for 

the relatioas in tbia optlalzatloa to be valid, 

•lace they depend upoa Hoeke's Law. 

Hence for the optlnU« construction, calculate 

^f aust be equal to or below the proportional 

Halt of the face aaterial and t? aust be 
c 

equal te or below the proportional Unit of the 

core aaterial. 
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CHAPTBF 2 

M»TI0D8 OF  RUCTURAL OPTIMIZATIOR FOR FLAT, WEB CORB 

«A^DWICH PA1|4 ^ BUBJECTBD TO IK-PLAHK SHEAR LOADS 

A.  IffTRODUCTIOW 

Consider • f   t, generalitvd web core candvlch panel 

•bovn In crostectlon In Figure k  below.  The ter« "generalised" 

refer* te the fact that at the outeet, the angle 0  1« not taken 

at tero. 

8 ik. 

2(är + KU»B) 

Figure k 

G«1»'rallsed Web-Core Sandwich Panel Construction 

There are five geometric variables with which to 

optiBiee; nanely, the core depth (hc), th« web thickness 

(t ), the face thickness (t ), the angle the web Bakes with a 
c * 

line normal to the faces (0), and the distance between webs (df). 

3V 



MA.TC-ASL-1110 

Th« overmll pRoal to b* considered 1« shown In plnn- 

fora in Figur« 2.  As in Chapter 1, the panel of width b 

and length a is subjected to in-plane shear loads.  I  and 

The panel of generalized web core construction is 

considered to fail if any of the following instabilities occur: 

OTerall instability, local face shear instability between A 

and B (Figure k),   local face shear instability between B and 

C (Figure h),   and «hear instability in the web. 

Thus, for the generalised construction there «re four 

■odes of instability M failure, and five geoaetric variables 

with which to optlaise.  To describe each failure node, the 

analytical expression used in the following is the best avail- 

able in the literature. 

I 
I 
I 
I 
I 
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B.  ELASTIC AlfD QEOMETBIC C0WSTAIIT3 A850CIATBD WITH OBHgRALItKD 

WZB-CORE COMSTRUCTIOW 

The elastic and geoaetric constants for genersllsod 

web-core construction can be deterained froa tbos« glren la 

aor« general fora by Llbove and Hubka In Reference 4.  For 

the core construction shown In Figur« 4, the following 

constants are obtained. 

The asea of the core per unit width of web cor« 

crossection parallel to the yz plane, A  is given by 
c 

Äc - _Li:     (in.) 
(d, + h  tan 0) Cos 9 (2.1) 

f   c 

where the syabols are defined in Figure 4. 

The aoaent of inertia of the core per unit width of 

web-core crossection parallel to the yt plane, taken about the 

centroldal axis of the core crossection, I , Is seen to be 
c 

TC-_V^ -V«! (1..3) 
12(d  + hc tan 0) Cos 0   12 (2.2) 

Tb« extensioaal stiffness of the plate in the x 

direction SA , is given by 

BA  - E A  +2 B t (lbs./in.)      (2.3) 

where B end E- are the moduli of elasticity of the core and 

face material respectively. 
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Tb« tran«ir«r*« «haar ■tlffaess, p«r unit width la tka 

7 dlraetloa, of aa alaaaat of tha taadwick cut by two x* 

plaaaa, D f la fouad to ba 
4« 

4« 

0 t h  COB 0 
c c c 

(df ♦ hc tan •) 
(lb«./in.) (2» 

Tha traaarerae ahear atlffaeaa, par unit width la tha 

x dlraetloa, of aa eleaent eat bjr two yt plaaea, D , bacauaa 

of tha dlaeoatlaulty of the cor«, la aaea to ba 

D   - 0 (2.5) 

Laatly, th« aoaaat of laartla par ualt width, I-, 

of tha faeaa, eoaaldared aa aeabraaoa with raapaet ta tha 

aaadwleh plat« alddl« aurfae«, 1« «««a to b«, 

2 

I. 
Ve d«.3) (2.6) 
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C.  GOVERWIHQ EQUATIQlfS TOR PAWELS WITH FACES AHD C0R8 OF 

DIFFEREWT ORTHOTROPIC MATERIALS 

Since panel* In which facee and core utllis« 

different orthotroplc materials In the Boat general 

■aterlals eyeten conaldered In this study, It la con- 

venient to derive all expresBlont and subeequently perfara 

the optlnlzatlon for this case flret. 

1.  Overall Stability 

The best analytical expression describing the overall 

Instability of the generalized veb core sandwich panel under 

in-plane shear loading Is given by Equation (1.9).  Fro« 

Equation (l.l6) it is seen that due to D  " O.'V/ far this 
qy vy 

construction  Is 

V9 ^ oö (2.7) 

Under this condition, the value of K  given by 

Equation (1.10) can be deternlned for this construction by 

dividing both numerator and denoalnator by V , then setting 

V  - o* .  The reiult is 

K   -   A  (2 a) 

Vl + B3C2 + V 

Ae bef*r«,. 

KM (V- 0) - B1C1 +2 B2C2 + C3 (2.9) 
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The flaal relation* for overall buckling to be u*ed 

la til« optlaization below are given la Bquatioas (1.18) aad 

(1.19), 1» vhich Aquations (2.8) and (2.9) are utllisad. 

2.  Face Plate Inetability (Region A to B in Figura k) 

Proceeding as in Chapter 1, Equation (1.20) is 

utilized where for this region it is seen that h - t_ aad 

b • d  + 2 h  tan 9.  The final expression is therefore 

*fl       Lgfy Efxj        tf  

Tf "  3   U^xyf^f)  (<Jf ♦ 2 hc tan 0)2     (?.!') 

«here kf is determined as J in Figure '»-1, Reference 6,   in 

vhich for this plate eleaent h.   In (.-tven by Equation (1,13) nnA 

I 
I 
i 
f 

1   d. + 2 h  tan 8 _ •  1      c (!ti) 
i/k 

(2.11) 

K 
fy 

3.  Face Plfte Inatability (Region B to C in Figure k) 

Again .quation (1.20) Is utilized where for this 

region it is seen that h - tf and b - d .  The final 

expression is therefore 

k      TE   3E   1 iA      tf2 
kf2    lEfy EfxJ -—• 

T. 3  (l-'V ,T ,) 1   xyf yxf 

(2.12) 

where k  is determined aa J in Figure l»-l, Reference 6 in 

which, for this plate element, B. is given in Equation (1.13) and 

(2.13) 1 
r 

fi (^,1A 
E ty 
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k.      Wep Plate Inetabll.ty 

For tbe veb plate inptablllty In the generalized 

veb-core construetion, the expresiinn used is Equation (1.20) 

In which h   • t     and b ■ h /Cos  9,   with the result that c c 

7. 
k    [E  3E  ] l/k   t 2 Co«2 9 
5   i- cy  cxJ   _c  

O-v  v  ) 
xyc yxc 

(2.1k) 

in which k  ie «letermtneä as j in Figure '»-I, Reference 6, 
c 

atillxlng Bg given by Equstion 1.?*» and l/r given by 

Equation (1.25). 

5. Load-Streae Relationehip 

As in the case of triangulated core construction, the 

lead strsBs relationship is given by Equation (1.26). 

6. Core Strega - Face Streea Relationahlp 

It is seen that the mschanics of shear deforaatioa 

eoepatability between face and core for the generalized web 

core construction Is identical to that of the triangulated core 

construction since d  does not enter into consideration.  Hence 

the core stress - face streee relationship for the generalized 

web core construction ie given by Equation (1.27). 

7-  „Weight Belatlonshlp 

The weight of the generaliied web core panel ia 

given by 

UO - 
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w   *   w  ^   -   2  P,^*     ♦PA ad iff Tec 

Utilising Equation (2.1), the result 1« 

p t h 
W~W,  • P.  P t    + —re e g    (2 IS) 

aä      ^ f   (d, ♦ h  ten a) Co. 9    ^   5) r   c 

<*! 
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D.  STRUCTURAL OPTIMIZATIOW OF  PAWELS WITH TACBS AND CORE OF 

DIFFERENT ORTHOTPOFIC ^""^RIALS 

g The govertlng equations pertaining to the generellg«d 

veb core construction of Figure k  to be used In the optiaiza- 

tion are given by Equations (l.l8), (2.10), (2.12), (2.lU), 

(1.26), (1.27), and (2.15), repeated below for convenience. 

7.   - ■ % * iBjlJkiL. h<L j (2.16) 

I 

Tf   «      A      fc/frj .    tf*      (2.17) 

3     (l-^r^f)       df* 

% 
ft*  ik    fexjjj , tcX  Cosz<9 (2.19) 

(/-^«.V^äC) Ac1 

N. *j = Ny* «   ZifTr <*»«0| 

J 
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Tc-  6 ^*fCt_     TJr   S/w <9 (2.21) 

V1-Vl,t~  Joftf +    PtUkf.-  (2.22) 

The philosophy of optinlzation it identical to that 

given in Section D, Chapter 1. 

The knovn or specified quantities in the set of 

Equations (2.l6) through (2.22) are the applied shear load 

per inch If  . and the panel width b, which can be luaped 
xy 

together as the load index N /b; the material properties; 
*y 

and the panel boundary conditions.  The buckling coefficients 

J, kf. kfo and k 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, t.; the core 

depth, h ; the web material thickness, t ; the web angle, 9; 

the distance between webs, d , the face shear stress, 1/M\ 

the core shear stress, T ; and the weight, W - W 
c ad 

Hence, for the generalized construction there are 

seven equations and eight unknowns.  However equating Equations 

(2.17) and (2.16) It is easily determined that for the optimum 

web core construction, 

9-0° (2.23) 

«o - 
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However,   it  la   then  seen  that  with 9-0,   Equation   (2.21) 

■hows   that 

rc  -  0 (2-2*) 

Hence It Is seen that for the optlaun veb cor« 

construction, In-plane shear stresses applied to the edges cf 

the panel Induce no stress Into the core, since 0 - 0°.  These 

results are intuitively obvious.  This in turn aeans that the 

Squation (2.19) Is no longer a governing equation since the 

core can never buckle because It remains unloaded. 

Utilizing (2.23) and {2,2k)   the governing equations 

now are seen to be: 

rf  =  hlJjlA tjL   J (2.25) 

r-= Jn fafcj     td (2.26) 

wher<i  kf  - k-_ 

N*V * 2i*rr (2.27) 

(W-WM)=    2^f tp -t- flc£J,fa (2.28) 

Hence,   there are  four  equations and  six unknowns,   nanely  t , 

*•   *   h   *   d   ,   and  W  -   W     ,   refflalnl^g with  which  to  optimize, 
c       c       f ed 
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Through algebraic manipulation of the above, the velght 

equation can be placed in the following convenient fora. 

(2.29) 

The velght equation la then expreieed in teras of the 

face etreea t    and the core thlckneea t , which are the only 
f c 

unknown*.  It 1« seen that obviously ainlaua weight occur« 

where t  "0, however that violates the type of construction 

aseuaed.  Also t  cannot be deteralned by buckling requireaents 

since the core is not stressed.  For the present t  will be 
c 

considered as a constant quantity to be specified later by 

another criterion. 

If the derivative of the weight equation with respect 

to the remaining variable ff   is taken and equated to sero 

the following relationship results which provides that value 

of Tf    for a minimum weight structure. 

tim - 3(3^  icj* i^f^A^luD^r**- (2.30) 

This is a "universal relationship" relating load index to 

optlvum face at ess for a specified (t /b), as yet unknown. 
c 

This relationship can be rearranged to give the following: 

- ^5 
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(2.31) 

SubatltuMng (2.31) Into (r.29) gives the weight of 

the optimum stnirture in terms of all known quantities except 

the unknown t 

I £i^ - Jt  »c3 Zil   (ii^LiJkjl (t'J*}/j(u*i/*f (2.32) 
■ b   "        2,/j    I ^ 7 ^        fr   'r   l^ 

I 
I 

It Is quite elfter that the smaller the value of t , 
c 

the lower the weight for a panel with given materials and a 

given load.  From the "universal relationship" (2.30), 

for a given material «yutem ana load index,/t /b\decr«ases 

ae  Tf  increaaeB.  Therefore, it can be concluded that fron 

Equation (2.32) the weight is minimum for the highest allowable 

Zf  that can be tolerated. 

This differs from all optiialzations previously per- 

formed in References 1, 2, and 3, and in Chapter 1 of this 

report.  The reason is that in all previous cases t  was 
c 

determlued by buckling criteria.  Here, t  is determined by 
c 

strength considerations, not by buckling requirements, since 

the core is unetreesed under this loading condition.  Hence 

for minimum weight, 

rF w  ^«it. (2.33) 

- U6 - 
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where Tf-jjtt  ie the naxltaum allovable shear stress for toe 

face aaterlal.  For Isotropie face materials, tfau..     can ^* 

taken as the ultimate shear stress of the material.  Since the 

shear stress Xf    is equal in value to the maximum principal 

stress G^f   (see Equation (l.Jl), Reference 2), for stresses 

above the proportional limit reduced values of the elastic 

modulus can be used, as discussed in Equation (1.2$) of 

Reference 1.  For orthotropic face materials,  wr^., 

is the proportional limit of the material for all relationships 

in this optimization to be valid. 

Substituting (2.33) Into (2.30) (t /b) is now 
c 

clearly determined for a given material system and load index 

(H /b).  All other variables are also determined.  The results 

are summarized below: 

0= Tc -O (2.3M 

it * LäzdkL (2.35) 

^(fj fw H7f~rf
3 

j> V *" gkf fayAl!" (2.36) 

b)-\ft-\ u-        "^ 

^1-   JL^  i^^.^ (2#36) 1 (fj 2£r    r/u 

- I»? - 1 
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WW^ ,  3ft (N^/b) (2.39) 

In addition, there are two useful relationships for 

the optimum construction 

Several points are worthy of note here, which are 

also valid for this and subsequent sections dealing with Iso- 

tropie materials, or for faces and core of the same material. 

Again ue  for optimum web core construction under 

uniaxlal compression , the optimum web core construction under 

in-plane shear has the charscterlstlcs that 0 ■ 0°, (h /d_) » 

( P./ p ) (t./t ) and W^/w - 2.  However, other parameters 

of the geometry differ. 

It is interesting to note that, as shown in (2.3?), 

the face thickness for a given load index is determined only 

by the allowable 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 material 

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 iTfilä^/pf   )•     Detailed design procedures for 

this type of construction are given in Section H of this chapter. 
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I 
K.     STRUCTUPAL OPT1MIZATIOW OF i'A»EL8 WITH TACBB  AHD CORK 

OF DXFFERgllT ISOTROPIC MATERIALS 

By aaklng the following contracMon« of the reaulta 

of Section D, the optical relationships are obtained for 

panels vlth faces and cores of different Isotropie Materials. 

xyl 

si 

yxl 

E 

U  \2) 

(1 - c,f) 

(1 - c,f) 

(2^2) 

S • Kf for stresses above the proportional Halt. 

The resulting expressions can be written as 

6- Tc'O (2.1*3) 

feuu 

(2.U) 

t)' (f) 
'/i - •/, 

t] hll   ^i (^s/*)* 
ifTO-W TF? 

üMJ 

(2.*5) 

(y (? ^6) 

(2.^7) 

- i»9 
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Wf -- z (2.^9) 

(0 (iJ 
Detailed design procedure« for thia type of eOBStruetioa 

are given In sunnary in Section H of thl« chapter. 
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F.     8TBUCTVRAL OPTIMIZATIOII  OF PAHBLS  WITH FACES AMD GOBI 

j OF THE 8AMB ORTBOTROPIC  MATERIAL 
i i 

By contractiag the «xprvtBloB« of Section for paaoli 

vith fac«s »ad cor« of dlfforont orthetroplc ■atorials by th« 

follovjlag «ubatitioat. 

rxyc        'xyf       rxy 

»•c ■ ■af - ■■ 

th« folloviag aquations apply to optlaua coattruetloa la 

which th« fac« aad cor« ar« of th« taa« erthotroplc aatarlal. 

6- Tc'O (2.52) 

it  - J^H^Ü (2.53) 

L.  "- gC Vy^^^AJ1" (2.54) 

f Li  * I^ULTL (2.55) 

^   .^ (Tfau)* (8'56) 

- 51 - 
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^il - 3 p (»yj (1.57) 

Wt , i (t.5«) 
W* 

Detailed design procedures for this type of oonetructioa 

are given In «ummary In Section H of this chapter. 
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: 

0.  BTOÜCTÜRAL OPTIMIZATIOl OF PABIL8 WITH rACBS AMD CORI 

OF TH8 SAMB I80TR0PIC MATBRIAL8 

fro« Scctloa B, tiaply reaoriBg the subtcrlpta 
i 

fttsoclnted vith «ach Batarlal property prorld«» th« rcstlt- 

lag goreralag «quatloas.  Aiwo fr»a (2.50) It 1B ■••* that, 

a* la th« eaaatructlaa laTolrlag fac« aad cor« of th« «an« 

•rthotrople Material, 

(2.60) 
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(1.19) it IB a««n that 

r .  J_  

~ (2.61) / t H f *M(Y*O) _ fl 

The coefficient J 1B determined in a Btralght- 

forward manner from Figure h~l  of Reference 6,   where it is 

plotted as a function of B . given by Equation (1.13) 

(ifote Bp - 1 for an Isotropie face material), and l/r • 

(v.) («tx/«f,)
x'",. 

In Bquatioa (2.6l), KM given \>y  Iquatioa (2.8) for 

thlB type of conatruction 1B a function of the core traneverBe 

Bhear flexibility parameter V* . 

From Hcl'erence 6,  »^ is seen to be 

In terms of this construction, utilising (2.^) for 

\x- 

^^Wltm?) (2.63) 
k»/ 

- 5** ■ 
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H.     DB8I0H  PROCEDURES  FOR  PAWELS  OF  OPTIMUM WEB-CORB 
1 

C0H8TRUCTI01I UWDER  IH-PUHE  SHEAR  LOADZMQ 
i 

i 
Prior to discussing detailed design procedures, It 

j 

Is advantageous to discuss certain characteristics of the 

coefficients j snd k , which can result la significant 
i 

simplifications to the design procedures.  Prom Bquatioa 
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How for the nodt general materials aystem, naaely 
!   I 

face* and cor« of different orUc »roplc materials, substitution 

1 of (2.35) through (2.38) into (?.'>>) results in 

*t 

I     Hence, for almost all material systems VK<
<  f 

Hence eince in Equation (2.6) all other quantities are 

usually of order one 

K  rf   *  (2.65) 
M    Vl + B3C2 

Therefore J can be determined at the outset by 

EquatioriS (2.6l), (2.9), and (2.65), and only occasionally will 

an iteration Ve necessary. 

The coefficient k. can be also closely approximated 

from Figure ^-1, Reference 6, by taking l/r *- 0, since in 

Equation (2.13) for most cases d./a«l, and k- is almost 

constant for a given B_ in the range 0 < l/r < 0.1.  This 

philosophy is discussed more in detail in Section H of Chapter 1, 

Rote also that the minimum weight expression is 

independent of J and k .  They ar« needed to proportion the 

panel only. 

Turning now to design procedures, utilizing the 

expressions derived in the previous sections, there are several 

ways to proceed to design for minimum weight.  However, to save 
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tia« and effort la developing dealga curve« for web-core 

panels subjected to in-plane shear, the following procedure Is 

| suggested.  Since there is considerable duplication in 

procedures for each of the various Material systems,  the 

I procedures below are presented in a unified fashion. 

1. Known Quantities:  a, b, I /b xy 
2. Select the aaterial system and obtain the 

material properties:     lcJt,   Bcy,   1^, Vxyf, 

Vyxf' ^xyc»  Vyxc'    pc'   {V tf*t(L. 
3. From Figure k~l.  Reference 6,  obtain J 

utilising the following calculated value«. 

Orthotropic Face Material   Isotropie Face Material 

1- - Jb / IIAV^ 1 = b. 

\,     Calculate an initial value of J from 

[ r Ä  I  
where       ^  ^„     J 

A      e' 

and the constants A, B , and B. are given in 

Equations (l.ll), (1.12)» aad (1.13).  %h« 

values are given in Equations (7) through (10) 

in Reference 2 for various boundary conditions, 

where for shear loading n ■ 1 only. 
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5. Froa Figure k~l,   Reference 6,   obtain initial 

Talue of m    by using B of step 3 above, and l/r 
f 2 

6. Deternlne the optimum weight for an/ aaterlal 

system by 

7. Determine the optimum face thickness for any 

material system by 

6.  Determine the optimum web core thickness by 

Faces and core of different orthotropic material 

Faces and core of the same orthotropic material 

b 
" »3 t^jjt, 

Faces and core of different Isotropie materials 

Faces and core of the same Isotropie material 

Determine the optimum core depth by 

- 57 I 
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/v/ 
where B -/ B .    for faces and core of 

different or the sane 
orthotropic material 

£*     for face* and core of 
 "   different or the sane 
l-t/f )   Isotropie aaterials 

10. Deterniae the optiaua veb spacing by 

b~ in *£ 
where B is defined above. 

11. The initially calculated values of J and k 

can be checked.  For the optiaua configuratlea 

above, V  can now be calculated using Equation 

(2.64) or its slaplifieatioBS for Isotropie 

materials, or when core and face aaterials are 

the saae.  Then K can be calculated using 

Equation (2.8).  Finally the actual J can be 

calculated using Equation (2.6l) and compared 

to the assumed value of step k  above to see if 

an iteration is required. 

Hext with the optiaized geometry, the actual 

value of l/r can be calculated using Equatiea 

(2.13).  Looking at Figure U-l, Reference 6,   the 

actual k .can be coapared with that obtained la 

step 5 above to see if an iteration is required. 

If an iteration is worthwhile, then with the new 

values of J and k , steps 6 through 11 can be 

repeated. 
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CHAPTIR  3 

COMPARISOI OP OPTIMIZID PLAT BAHDWICH PAULS UHD1R IR-PLAMI 

8RBAR LOADS POR THREE CORK OEOMBTRIBS 

7075-T6 clad alualBua la ckot«» •• th« typical 

Isotropie ■•terlol with which to ■ah« a coaparltoa botvata 

the aubjact types of coastructloa to deteralae ralatlra 

■erlts.  Also, la studios of tea aatorial systems listed aad 

studied la Refareaces 1 aad ^ which iaclude aetals aad re- 

iaforced plastics, as well as isotropic aad orthotropic 

■aterials, the results showed that with the exceptioa of 

berylliua, 70T5-T6 aluaiaua is sigaificeatly better thaa the 

other aaterials for hoaeycoab paaels subjected to ia-plaa« 

shear loads.  A square paael (a/b ■ l) is chosen with a 

hexagoaal cell hoaeycoab core.  The coastaats for hoaeycoab 

cores as deterained by Kaechele (Refereace 9),   the procedures 

glvea in Reference 2, end the methods dereloped la Refereaca 1 

are used herein.  Por the opt^aua web core construction an 

allowable stress of 40,000 pai is used.  The results are 

presented la Table 1. 
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Tablt   1 

Coaparlaon Between Optlaoa Trlesgulated, Corrugated 
Core Optimum Web Core »nd Optlmu« Bexagoaal Hoaeycoab 
Core Square Pasel Subjec«»' to la-Plnjie Shear Load* 
(7075-T6 Clad AlumlauB Facet tad Core) Hoaeycoab Core 
Coastaats by Kaechele 

rf(p.i)   »„A(p.i)    {i*ini)   .iy/b(p..,     .^fo      ^\mh 

Uon»ycomb 

^.52 

Honeycomb 

0.379X1O"1* 

Trues-Ccre 

2.66 

Tru  -Core 

0.395x10'* 

Veb Cor« 

12,000 0.163x10'* 

16,000 8.H» O^lTxlO"* U.80 O.JS^xlO"* 0.29^x10'* 

18,000 10.52 0.591^xlO■,* 6.20 0.613x10'* 0.380x10'* 

20,000 13.oU 0.661X10"1* 7.68 0.681»xlO 0.^70x10'* 

30,000 29.'* l.OOxlO"1* I7.3 1.015x10"* 1.061x10'* 

1»0,000 52.2 1.338x10'* 30.7 1.37x10'* 1.885x10'* 

It is seea that for the sane face stress, the iruss- 

core constructioa carries much less load aad yet weighs »ore 

thao the honeycomb cere constructioa.  However the comparisea 

can best be made by plotting the weight as a functioa «f the 

load, as is seen ia Figure 5«  The percentage figures shown 

refer to the percent overweight the optimum tx-iängulated cor« 

construction is compared to the optimum honeycomb construction. 

It is seen that at least for this example the optimum 

honeycomb construction is significantly better than the optimum 

triangulated corrugated cere construction.  It is believed that 

the s&me  comparison will hold for square panels in which foes« 

&«d cere are composed of aay other Isotropie material.  In 
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addition It Is felt that any changes In a/b ratio should 

not alter the conparlson to such an extent tnat truss core 

construction would be competitive.  Hor is it likely that tbe 

üB- of orthotroplc materials could alter tbe comparison ■• 

signifIcar.tly that truss core constructleu would bo farerably 

competitive with the same materials used in honeycomb coro 

panels Tor in-plane shear loadings. 

It is seen that the optimum web core construction 

results in considerable weight savings over optimum honeycomb 

core  construction in the low load index range.  However, in 

the higher xci ' Index range, it does not compare favorably 

with honeycomb core construction.  This trend will exist in 

other material systems and a/b values because in optimum honey- 

comb sandwich construction the weight varies as (H  /b) '  while 
xy 

in optimum web core ''onetruc tion the weight varies as (H  /b), 
xy 

Ifote also that in t.e optimum web core construction the face 

stress T, Is constant over the entire range of load index.  If 

XfA^t..    1B reduced for some other factor the slope of the curve 

in Figure 5 Increases. 
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CHAPTBK  k 

METHODS OP STRUCTURAL OPTIMIZATIOR POR PLAT TRIAHOULATBD 

(SIlfOLB TRUSS) CORE SAHDWICH PANELS SUBJECTED TO BOTH 

UBIAXIAL COMPRESSION ABD IB-PLABE SHEAR LOADS 

Methods of analysis for the structural optlalsatlon 

of truss-ccr« «andwlch panels subjected to unlaxlal coapressire 

loads were derived in Chapter 1 of Reference 1.  It was seen 

in subsequent nuaerical examples that under uniaxial coa- 

preesive loads optimua flat panels of single truss core con- 

struction were a few percent greater in weight than optimua 

honeycomb core sandwich panel construction. 

Methods of structural optiaization for truss-core 

sandwich panel construction subjected to in-plane shear loads 

were developed in Chapter 1 of this report.  In Pigure 5 it 

is seen that in the numerical example performed in Chapter 3 

truss core construction is significantly heavier than optimua 

honeycoab core construction. 

It can be surmised that if single truss core panels 

are to be used at all for combined uniaxial compressive loads 

and in-plane shear loads it will very likely be for combina- 

tions in which the in-plane shear load index B /b is smaller 
xy 

than the uniaxial compressive load index. B /b.  Otherwise 
x 

the construction could very probably be inefficient compared 

to other alternatives. 
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It can also be seen from the expiesslons for optlaiui 

construction that the optlnun truss core construction for 

unlaxial compresslve loads differs In proportion fro« that 

for optlaun construction for In-plane shear loads.  For 

Instance, when face and core aaterlals are the saae, 0 - 

32.I10 for the unlaxial compresslre loads, and 0 • 28.1» 

for In-planu  shear     loads.  It Is not possible there- 

fore to have all failure modes In compression and all failure 

modes associated with in-plane shear loads occur simultaneously. 

Therefore in the case of combined loads In which the 

axial compression load index predominates (which is the mere 

desirable ratio of R /R   to use In this construction) it 
x' xy 

appears logical to use the optimum construction due to unl- 

axial compresBlon only, and modify the construction to account 

for th« smaller In-plane shear loads. 

Under combined loads of unlaxial compression and in- 

plane sheer, Reference 8 gives the following relationship for 

a stability equation for a flat plate, 

t+ fej Of. 

where     Op    applied compresslve stress 

crfcr   critical compresslve stress 

Xf applied in-plane shear stress 

Xftr      critical in-plane shear ■ trees. 

Subscript f refers to face. 
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TblB sane' relationship has baan usad in Saetion 

k.2.k.l  of Reference 6 for a sandwich panel. 

In the following the subscript er refers ta critical 

buckling stress which has been oaltted in previous chapters. 

Also, in the fallowing, stresses or lead indices without 

subscript refers to applied stresses or loads. 

fro« equation (l.l8) of Reference 1 it is seen that 

^   - ^ (k.2) 

d        .      ^Lc^  (^3) 

[Ef   SinÖ       J 

fro«  liquation  (1.26)   it is  seen  that 

Zf.   iV ('».M 
it. 

and 

Thus, utilizing (1*.2) through (4.5), (4.1) can be written as 

(If /b)      (»xvA)2 

+  ^~"2 " 1 (4.6) 
(H,  /b)     (H   /,) 

er 'cr' 

Using the structure proportioned eptiaally far 

Axially coapreseive loads acting only, when II  /b is acbi« 
xcr 

there will be siaultaneouo failure af the panel in orarall 
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buckling, faca plat« buckling, and v«b plate buckling. 

However vltb the panel optimally proportioned for unlazial 

coapreseion, when shear loads increase, the three failure 

■odes due to in-plane shear will not occtr siaultaneously, 

because the panel is not optiaua for shear loads.  It it 

therefore necessary te dsteraine which failure aode will occur 

due to shear loads,  at the lowest shear stress 

for a panel that is optiaua for coapressive loads. 

A truss cere panel proportioned optiaally fer 

uniaxial coapression, for the aost general aaterial systea it 

specified by Equations (1.66), (1.8?), and (1.68) of Refer- 

ence» 1.  The optiaua web angle 9  is given by Bquatien (l.6l) 

of Reference 1.  Substituting these values into the three 

expressions for stability for the panel subjected te in-plane 

shear loads, giveo by (1.29), (I.30), and (I.31), it is found 

that the panel proportioned optiaally for coapressive leads 

vill have the lowest critical load in face plate buckling for 

shear loads. 

Thus substituting Equations (1.66) and (1.68) of 

Reference 1'into Equation (1,30), and utilizing (^.5) above 

results in the following: 

N^ = ÜJL fe^af1 S-'e ( N^cr) (*.7) 

where 

Mo' (z&S  I^Ysio ^HSi^el (I».8) 
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H*L.« I^K^fS V^; Eu + ZS^t (i-v^.^,)j   (V.9) 

and 

Jl< i-v^^ XO 
l-^pV^pj 

(«».IO) 

and 9 is given by Squatlon (l.6l)f Referonc« 1. 

RotJLea that Equation (^.7) provides a key relationship between 

(X    b) and (N   b). 
^cr/        xcr/ 

It is now convenient to define <ft as 

y 

C».!!) 

Hence, 

(^)'<*>(%) 

It is further convenient to define o(  as 

(^.12) 

(Nx/b) 
(^13) 

Substituting ('».12) and (^.13) into (>».6), the result can be 

written as 

The solution of this equation is then 

-i^H'^^D (^.15) 

" 6? 



I 
I 
I 
I 

NÄEC-ASL-1110 

Note   that  If  no  shear  loads  are  applied,   then   p<   • 0, 

and   (U.15)   would  become   If xcr 

b 

ltx , or the compresalve load 

applied would be Identical to the critical load, and fince 

the panel is optimum for compresslve loads, then when 

If     Is applied, simultaneous  failure would occur in all xcr 
T 
three modes of failure.  Where 0O0 , then the panel must be 

designed for a critical load N x greater than H   , the 
cr -2- 

b 
applied axial lot.dlng. 

Looking now 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 systems 

it is seen that t /b, t /b, and (W-W /b) are proportional to 
f    c ad 

(Hx  /b)
l/2. 

cr 

ad' 
(h ,b) le proportional to (if   b) c/ x x   ' 

' cr/ 

1/1» 
Therefore, 

it can be seen that 

ß) 
(r) 

^ 

y.'-wa\ 

Kl > qiM* 

N "ir 

\ 
Vz. 

N 
''il (■• t-rj 
/ 

i^-ie) 

N 

(»».IT) 
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The following design procedure« «re therefore given 

for single truss core panels subjected to coabined loads of 

uniazial compression and in-plane shear loading, where the 

unlaxial coapressive loads predoainate (which !■ »he situation 

in which this type of construction appear« aore farorable). 

1. Given:  11,11  , a, and b 
1  xy 

2. Select aaterial systea and obtain all aaterial 

properties needed. 

3. Letting If above be considered a« the critical 
x 

load when no «hear forces are pre«ent, use the 

procedure« of Chapter 1, Reference 1, to 

deteraine the optiaua configuration, in the 

absence of shear stresses, thereby deterainiag 

0 as well as 

f 

tf/b, tc/b W-W   , h^b, 
\ ( ~) 

b 
J  *    given 

x 

If  - 0 
xy 

k,     Deteraine 4> 

For faces and core of different orthotrepic 

eaterials: 

TTLMe    c 
■ef 
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For  faces  and  core  of different  Isotropie 

■aterlals: 

For  faces  and   core  of  the   saae   ortbotropic 

■aterlal   (Sln2e   -   2/7): 1 

For facea and core of the saae Isotropie 

materi«! (Sin2© - 2/7)f 

4,-. I. h 
is- ni- 

5. Calculate 

CX «'— 

6. Determine the required panel, parameters and the 

weight by Equations (^.lö) and (U.17). 

Consider a construction determined above for faces 

and core of the same Isotropie material.  It can be shown 

that for optimum construction in this case k. ■ 13«17 (Figur* 

l»-l, Reference 6).  Then 4> «  (0.712).  Thus for various 
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val«»«   of    e<    it  la   of   interest   to deternln«   th«  ralu«  of 

L 
L (" ^f] 

K 

In  Equation (*».l6)  to determine th« valgbt penalty caused 

vhen in-plane shear loads are present. 

0 

0.8 

O.U 

0.6 

0.Ö 

1.0 

[iWi-tfT 
1.000 

1.036 

1.12 

1.218 

1.315 

1.413 
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CHAPTER   5 

METHODS OF STRUCTURAL OPTIMIZATIOn FOR FLAT, WEB-CORB 

SANDWICH PANELS SUBJECTED TO BOTH UNIAXIAL COMPRBSSIOH 

AND IN-PLAHE SHEAR LOADS 

Methode of analysis for the structural optimization 

of web-core sandwich panels subjected to uniaxlal compresslTe 

loads were derived in Chapter 2 of Reference 1.  It was seen 

in calculations that optimum     web-core construction did 

not compare favorably with optimum honeycomb sandwich core 

construction for uae in applications involving only uniaxlal 

compr»*BBlve loadlnge. 

Methods of structural optimization for truss-core 

sandwich panel construction subjected to In-plane shear loads 

were developed in Chapter 2 of this report.  In Figure 5/ it 

is indicated that web-core construction appears most favorable 

in the lower range of N  /b. 
xy' 

Under in-plane shear loads only, the web thickness t 
c 

(which io not atreseed) is determined only by the requirement 

that the face stress  Tp be maintained within the nmterial 

allowables for any given N  /b.  However, when uniaxlal 
xy 

compressive loads are present then t /b aust be sufficient to 
c 

prevent buckling of the web due to compressive loads.  This 

t /b requirement may therefore lower TU   that is feasible to 
c ■ 

satisfy the universal relationship given by Equation (2.30), 

when t /b is specified.  Since the weight of the panel in shear 
c 
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varies   Inversely    •■   Tf   ,   it    Xf it  reduced  fro«  the aeterlel 

elleveble due  to aoae requireaent placed on t /b each ae 
e 

reeietlng la-plene covpresalYe loada, then la Figure 5, the 

alope Increases, aad thua veb-eore construction appears 

favorable ever a lover band of I /b. 

So as in Chapter k,   again it nay be that If 

web-core cenatructloa la to appear farerable for coablaed leada 

of ualaxial coapreaaloa aad In-plaae shear It will very likely 

do so under low ahear loadings, where axial coapresslre loads 

doalnate the beh.'vlor. 

It can alao be seen froa the expressions la Chapter 2 

of Reference 1, aad Chapter 2 of this report that the geeaetrle 

variables associated with optlaua eonatruetlon for unlaxlal 

coapresslon and the optlaua construction for In-plane shear 

loading differ.  It Is not possible therefore to hare all 

failure nodes In coapresslon occur simultaneously with all 

failure nodes due to shear. 

Therefore, in the case of coablaed loads la which the 

axial load predoaiaates, it appears logical to utilite the web- 

cere construction proportioned to be optlaua or ainiaua weight 

for axial conpresslea aleae, and slaply modify this ceastructiea 

to account for the smaller In-plane shear leads. 

Identical to Chapter k,   It  is found that the gereraiBg 

relation for the structural integrity of the panel under these 

cembiaed leads is given by 

 X   +    *I  7      o " 1 (5.1) 
(It  /b)      (»xy /*) 

or cr 
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Uslag  the  veb care  coaetructlen  preportlesed 

eptiaally  for  coapresslve  loads   «al/,   vbca  II /b  -  II       /b, 
cr 

there will be ciaultaaeeue failure ef the paael la ererall 

buckling, face plate buckling, aad veb plate buckllag. 

Hovever vlth the paael eptiaally preportioaed far ualaxial 

cempression «e T^ is increased, the failure aedea vill aat 

occur slnultaaeously.  It is necessary to deteraine which 

mode will occur at the lower face stress; and to deieraiae 

that lower buckliag stress as X(r(r.     ,   la order to deteraiae 

ü xy 'cr 
The preportlons for the optimum web-core paael far 

uBlaxlal compreseive loads are give» ia Chapter 2, Refereace 1, 

for each of the material systems considered.  Substitutiag 

these valueß ia terms of (H   /b)  (givea as H  /b la 
cr 

Reference 1) late the expressiaas for stability af tha web 

core panel due to shear loads givea by Equations (2.25) **& 

(2.26) It is found that for the panel propartieaed ta be 

optimum for uniaxial compression, the lower critical stress 

occurs for fp.ce plate buckling due ta shear loads. 

Ia fact the ratio af critical shear stresses far tha 

panel praportiened to be optimal far cempressive lead« is, 

for the most geaeral materials systems. 

(Nx/.)'^ 
(5.2) 
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I 
I 

where  TV, •  critical «tress for overall buckllag 

I TV •  critical stress for face plate buckllag. 

It caa be shewa that for most ceablnatleas ef aaterlals 

the ratio glvea by ($.2) Is greater thaa unity, reaeaberlag 

that we are generally discussing ceablaed loads la which 

coapresslve loads predealnate. 

Thus, substituting the equations for t /b and d./b 

given In Chapter 2 ,   Reference 1, for the moat general Material 

system Into Equation (2.26), and utilizing (^-J) above, the 

result can be wrlttea as 

N,t... 2kf i^h^yI^P^_N_^  (5 3) 

This equatloa therefore provides a key relatloashlp 

between the two critical loads. 

It is new convenient te define the dlDeasionless 

quantity )i     , such that 

*•- ik htetisi^m !  (5.4, 

Hence, 

/Mliir] - V { '^l (5.5) lv)-^^ 
Substituting (5-5) aad (^.13) into (5.1) results la the wquatlen 
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The   eolutlon   for   this   equation   la 

Therefore   analogous   to   the   meth«de   of   Chapter   k, 

(5.7) 

N. r^ 
N *y<f~*~. 

V) 
© 

[-6 
^*: 

rj 

N. 

N^ = 0 

(5.8) 

(5-9) 

Tbs folluwlng design prccedures are therefore glraa 

for web-core sandwich panels subjected te combined leads 

of unlaxlal compression and in-plane abear loading where the 

uniaxial compressive loads predominate (which la the cen- 

dition for which this type of constructien appears sere 

favorable). 

1. Oiven:  N , N  .a, and b x   xy   ' 

2. Select material ayatcm and ebtain all material 

properties needed. 
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3.  Lettlag If give» im  step 1 be c«aaid«red at th« 

critical coapresslr« lead vhea aa «bear facer ara 

present, use the pr*rednres of Chapter 2, 

Refereace I, te doteraia« the optlaua ceaflgura- 

tloa, la the absence ef atear loaia. 

' 1L  1±  JL  ti   {v'v*^ Thus 

are deteralned. 

k.     Deterala« V : 

For faces and core ef dlffereat erthatrapie 

aaterials: 

itWir. I" ■(» 
For faces and core of different Isotropie 

aaterials: 

Y= l*t/£lWW L 
ffVlfJ^{^!^)] 

Per faces and cere ef the saae orthotropic 

■aterlal: 

3 IT1    C« 

% 

For faces and cere v>f the same Isotropie aatorialt 

Sn' 
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5. Calculate    c^    : 

6. Ditcrmlre the required paael parameter« aad the 

weight by Equations ($.6) aad ($.9). 
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I CHAPTRR   6 

i 
C0HCLUSI01I8 

i 

I Methods hare been derlred to declgu ulnlsua velght 

l for flat sandvich panels using triangulated (single truss) 

core construction or web-core construction.  Panels baring 

cores and faces ol differing or the same orthotrople 

materials, as veil as differing or   the saae Isotropie 

materials, hare been treated.  The panel loadings are! 

(l) In-plane shear loads and (2) combined unlaxlal compression 

and In-plane shear loads. 

For the triangulated core construction under In- 

plane shear loads, where the face and core are composed of 

the same Isotropie or orthotrople materials,the angle 9 ■ 

28.k0  for the optimum construction when the edge restraint 

coefficients are equal for both web and face elements. 

Similarly the weight ratio for faces to core per unit plaafora 

area is 1.316.  For Isotropie triangulated core construetloB 

in which both faces and core are of the same Isotropie material, 

that material which has the highest ratio of ■1'2/p(l-v2) will 

result in the least weight panel. 

For web core construction under in-plane shear loads 

8-0° will result in minimum weight oonstruotlon regardless of 

the materials used.  It is found that the optimum face thick- 

ness for a given load index is determined entirely by the 

allowable shear stress of the face material from a strength 
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Tlevpolnt.  The optimum core depth la Independent of the load 

Index.  Also the weight of the optimum (minimum weight) panel 

1* Independent of all material properties except tna allowable 

face shear »tress and the density of the face material.  Thus 

the best material for this type of construction is the one 

having the highest ralue of (Tf-ee/Pf)« 

Trou  the example comparison of figure 3,   page 6l, It 

Is seen that for the typical example the optimum honeycomb 

core construction Is significantly better than the optimum tri- 

angulated corrugated core construction, and Is capable of 

carrying a considerably greater shear load. 

The optimum web core construction results In consid- 

erable weight sewings ower the optimum honeycomb sandwich con- 

struction In the low load Index range.  Howeyjr, It does not 

compare favorably In the higher load range. 

Combined loadings are treated In Chapters k  and 5. 

Ce benefit derived by the development of methods of analysis 

for optimum (minimum weight design) structures, other than the 

obvious benefit. Is that It enables the designer to compare the 

absolute minimum weight construction employing commercially 

available slses that approximate the actual optimum dimensions. 

In this way he can more rationally assess the following con- 

siderations:  the weight penalty of using commercli ..ly avail- 

able slses or the cost penalty of using non-commerclally 

available slses to obtain minimum weight.  Obviously, the 

decision rests on the specific application, but It can be made 

rationally. 
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It la «.leo recoaaended th.it a test prograa be 

daslgned and executed to evaluate the optimization proced- 

area developed herein. 
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