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CHAPTER I

INTFDDUCTION

Although the use of un idirectional lami na in the con struction

of multidirectional laminates provides the designer with a uni que

ability to tailor the in-plane strength and stiffness of the laminate ,

the out-of-plane properties are difficult to adjust and are severely

limited by the properties of the matrix phase. The low strength and

stiffness in the matrix dominated laminate directions poses a signifi-

cant problem for the designer and often necessitates the use of rnechan-

ically fastened joints in situations where out-of-plane load carry ing

members are required . Unfortunately ,  such joints  requi re penetrat ion

throug h the original laminate . These penetrations significantly re-

duce the load carrying capacity of the laminate and may also result in

more rapid deterioration of laminate properties when the structure is

subjected to a harsh environment . For these reasons , the need for in-

• vest igation of out-of-plane jo ints utilizing no mechanical fasteners is

of great importance . Typ ical requirements for such a jo in t are high

strength , ease of fabrication , reduced number of parts , low weight , and

environmental stability .

The objective of the research record’~d in this report was to

quan titatively evaluate the influence of local joint geometry on the

propert ies of a typ ical out-of-plane jo in t .  Laminates and dimensions

- 1-
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have been chosen to match those used by Gillespie and Pipes [1] and

model the prototype spar-wingskin joint in the General Dynamics F-lI.

aircraft . All joint geometries were analyzed by f inite elemen t method s

with theoretical predictions validated through comparison to experi-

mental data.
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CHAPTER II

JOINT GEOM ET RY AN D LOADING

2.1 General Joint Description

All joint concepts investigated consisted of a 24 ply, 
~~~~~~~~

spar wh ich overlapped , 12 plies on each side of the centerline , and was

co-cured perpendicular to a 56 ply [(+45/ 9O 2 ) ( 0 / + 4 5 / O ) 6 3 w ingskin lam-

inate with the enclosed void filled by an adhesive . All laminates were

fabri cated of graphite-epoxy material ( Hercules , I n c . ,  AS35 O1-6) w i th

Reliable Manufacturing , Inc. Reliabond 398 used as the adhesive for the

insert at the base of the spar . The 00 ply direction is taken parallel

to the spar in the plane of the laminate and , for all included fi~ ure~ *

lies normal to the joint  cross-section .

All jo int concepts invest igated can be termed “no-i nsert ” . Th is

implies that a suitable epoxy , as opposed to a metallic insert, has been

• used to fill the void created at the base of the spar between the over-

lap and the wingskin . The use of an epoxy f iller provides the following

ad vantages:

• Raw material is relatively inexpensive

• Insert is easy to manufacture (machine or extrude )

• Insert requires no extensive surface preparation

— 3 —
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• Insert is thermally compatible with the graphite-epa> - 1’ n- -~ t .~-

rial system

2. 2 Specific Joint Concepts

Five joint concepts were chosen for investigation and are shown

schematically in f i gures 1 through 5. Con cept “A” (Figure 1) emp loyed a

0.64 cm (0.25 in) radius at the base of the spar and provided the 1~.wer

bound for geometries having a smooth , radial transition from the verti-

cal spar to the horizontal wingskin . Concept “B” (Figure 2) was c~~~ ’~r~

as the upper bound for radial geometries and employed a 1.27 cm ( 0 .50  i n )

fillet radius . The third concept , “C” , shown in Figure 3, was con-

structed using an insert of equilateral triangular cross-section and an

apex ang le of 900 . The hei ght of the tr iang le was 1.27 cm (0 .50  in)  and

the base was 2~~~54 cm (1.00 in)  in length . This concept differed tram

concep t “B” in that the radius of curvature of the overlap from the a;e~

of the insert to the overlap—wingskin contact point was greatly h. r~ a-~~c

wh ile maintaining approximatel y the same distances f rom over lap -win- - c h i n

contact point to overlap-wingskin contact point . Both the fourth ten-

cept , “D” , (Fi gure 4) and concept “C” utilized strai ght overlap cecticnc

of approximately equal lengths in joining the spar to the winrchin . cow--

ever , concept “D” possessed a height-to-base ratio of 2.4 com~’areh to a

value of 0.5 for concept “C” . The final configuration , concer~ ‘ 5’

(Fi gure 5) ,  had no insert and emp loyed a 900 angle at the juncticn he-

tween the spar and the overlap . Although this concept could not ~e t.c -

rica ted , it was evaluated analytically. Concept “5” differed from the

- 4 -
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radial joint geometries in that it provided a geometr’.’ of cer-a r’~~hi’~~s at

the base of the spar ; and , it differed from the triangular Cear- tr es Lv

modeling two triangular inserts of height-to-base ratios equal to zero

and inf in i ty ,  respectively . All four concepts invectigatel possessed

an overlap length of 3.66 cm (1.44 in) from the centerline to the end of

t he overlap .

2.3 Reduction of Multispar Configura tion

In order to de termine the loadi ng condi tions for an indi vidu al

j oint , it was necessary to reduce the multispar wingbox confi guration to

a single joint with appropriate boundary conditions . The winobox was

modeled as ten cells in length with spars placed at 20.3 cm (8.0 in) in-

tervals . As shown in Appendix A , the lower wingskin was isolated and

modeled as an indeterminate beam , of uniform cross-section , simply sac -

ported at each spar-wingskin joint . The beam was forced through zer o

displacement at each support and zero moment end conditions wet-c api-lied.

A constant pressure load was applied between supports with load variatic: .

between adjacent cells permitted. Using singulari ty tunctions , i-1-ec~ arc , —

shear , moment and disp lacement diagrams for several load cacec were con-

structed. Although the case of a uniformly io~ ded he-in will be utilized

here , the graphs provided in Appendix A can be applied to a wide arr~i .- of

loading conditions .

For the case of a uniformly loaded beam , points of zero nor-ant

were identified at a distance of 4.3 cm (1.7 in) to each side of the

cen terline of t h~ sp-ai- (s~’ -i r’ — to—sp ar dist-~nci was 2 . 3  cm ( e . G  in)). Th e
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CHAPTER III

FINITE ELEMENT MODELING

3.1 Finite Element Method

The theoretical  evaluation of each concept was accomp lished

through the use of a linear-elastic f in i te  element analysis. The finite

element computer program utilized was the structural analysis program ,

SAP V [211 . A two-dimensional , four-node , quadrilateral element wi th

orthotropic material properties was employed ; and , a pl ane stress anal-

was chosen in order to decouple the in-plane displacements and

t t .~ :S~~CO due to wing flexural and torsional loads from the sarr o due to

internal pressure loads . The intr insic  bandwidth m i n i m i z a t i o n  r : a r i n o

we:: ut ll �red to reduce solution time and computer costs.

3.2 Development of Finite Element Mesh

As a result of the symmetry of the joint , it was possible to

model one half of the structure , as shown in rigure 7. The conditions

of symmetry were enforced by fixing all horizontal displacements along

the left side of the model or centerline of the joint , and f i x i n g  all

v’- rti c-c l displacements at the top of the spar . Loading conditionr for

a g i v e n span length were modeled by appl y ing downw~rd po int-loads on t i e

top -; rr~ ace of the wingsk in  at a dis tance of half the span l’inc’th from

-- 13 -
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the spar centerline .

The wingskin , common to all concep ts , was modeled as a multi-

layered lamina te consisting of seven sublam ina tes as illustrated in

Fi gure 7. An eigh th sublamin~ te was used to model the spar , and the ad-

hesive in ser t was modeled as an isotrop ic material. Determinat ion of

material properties for all sublamina-tes and the insert is contained in

Appendix  B.

Comple te f i n i te elemen t meshes for each join t concept, shown in

Fi gures 8 through 12 , consisted of approximately 1100 nodes and 900 ele-

ments. Speci f ic  node and element totals are given as follows :

Concept A 1076 Nodes 931 Elements

Concept B 1167 Nodes 1035 Elements

Concept C 1227 Nodes 1094 Elements

- - Concept 0 1167 Nodes 1030 Elements

Concept E 1029 Nodes 879 Elements

Using a sing le ply thickness of 0.013 cm (0.005 in), obtained from fabri-

cated specimen measurements , each row of elemen ts represented a m ini mur

of four and a maximum of s ixteen p l ies .  Four ply th ickness  was used for

regiori n in the immediate vicinit y of the spar and overlap and sixteen

i~~v t h i c k n e s s  was allowed near the mid plane of the wingsk in at the ri cr irt

end ol be m e s h .  Surfaces  of t n a  w i  n~ rbk~~n were modeled u~ i n~ e lements  ~f

smaller height as compared to elemen ts near the lamina te midp lan e in

c r - d I r ’ ta more accurately represent the f lexural  s t i f f n e s s  of th e  w inp -

skin . As can -a seen in the mesh enlargements , t r i a nau l ir  e lements  were

— 15 —
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used only to re fine the mesh and an element aspect r a t i o  cf  app r c-x i -

inately 1.25 was ma intained for all elements in the  immedia te v ic in ty

of the spar and overlap . The finite element mesh of the irr~~-r ’. far

concept “0” (Figure 11) was developed to allow for the possible inclu-

sion of a t r iangular  cro so-sac t ion  tube having a wall c o n s i - t i n g  of mu l-

t ip les of four plies w i t h  variable properties allowed for each  et  at

four plies .
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CHAPTER IV

ANALYTICAL AND EXPERIMENTAL STIFFNESS RESULTS

4.1 Load, Strain and Stiffness

The first means for correlation of finite element and experi-

mental results was accomplished by comparison of predicted and actual

load-strain response. Load-strain response not only provides an ade-

quate means of data compar ison , it also represents a significant par~ rr-

eter for consideration by the desi gner when de te rmining  local j o in t

ieometr ’y and maximum allowable spar s p a c in g .  For this compa rhacri , l ca r

is def ined as the  load per u n it  specimen w i d t h  app l iec at the  t . a  of the

spar and stra in  as the compressive strain on t *e bc- r t ~ n . surface  of u :

wingskin at half -scan , directly opposite t h e  spar (sri -am ga~’e

Ngure U. It follows tact a J:i i us or apr arer t stiffness her m e d  as

the slope of the load-strain curve .

4 .i Load—Stra in  Resp oc -c

i l ot s  -j f  e xp e r i n en t i and - r e i i c t t  - h  lo id— - t r a i n  i--c : : - s- i r s

mci ie to r  c n : c~ - - ‘ i \ ’’  , ‘‘B” . ‘‘ C” and ‘h’’ over a l l  spans an~ are a s:-: l h e - ~

in F i g u r e s  13 th rough  ~a .  i .xj -er  :r .en t i ~ l o a d — s t r a i n  r - e sp  ~ser were ob—

t a h n ~ d d i r e c t l y  tram t t : c  t ’ st i t -  u~ ts i t t e r  ~r 1v i J np the t o -  I i c ed - - v

thc  : ci w i- ~ r~~. Lad . t i - u i - ’ -  r e 1 p o s e r r t  - I r a n  one t t , r  — t -  t e :  s~

— 22 —
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rrens w : t h  n o r ’ ,’ c i t  t he r ” -ccr - ied  hsit~ poir i~ s o m i t t e d  fo r  clan V .  ‘3 ci5~~~

mCI:: :, e m :  is -ri c-~ t~ j -  ~~~~-~~~ ‘ - : i  m g  cy c le  and are no: r -eu - :~ -~~ ic ’ ab l e  15 - rice

th e  ris~ te eio::.ei-t arr - i lv a ,ia  y~ tci~~~d only stress a r d  displacement resu3 
*

C f lCd~~~S5 d F\ ’  tO - t g  i c . - t he  ( r t . ot r o :i c  s t r e s s—stra in  rel ,t i o r , - - : .i; to

d~_cer- ::iine the  c t r - - : ;: at t a o  ct t o : ’ - -: ur t - : c e  of the  wingsk in .  - no ’ t h~

f i n i t e  element p r e d i c : i cn  h a l f - c r a m  s tr a i n  was -h~~’ir - a - r  , t i e

d ict e d  b oo-s t ra in  response wa: - ‘w c : - i m m o s e d  over the expen imente l  cc- -

cul t s  for comparison.  >ao: i a i s - ’ g~~-ur0 :- 13 th roug h 2~~, t i r e  car-n-: c t i or .

be twc - ’n anal y t i c a l  er r s e x r e ( - L c ’ , o s t a l  r e - cubIc ’  m a , ’ be considered  e x c e m  le: r .

For all jo in t  concepts arId Sr experimenta l  results showed e x c el l e nt

r e p r o d u c i b i l i ty ,  am: a f i r 1 t e  ‘ c l - - a - - n t  n r ed i c t i o n ’  ,Cenerall ’/ exceeded oh-

served s ti f tn e cses .  Y~ nc . --t “ 1” cm “ Ti- ” deronsti- -rtc- d some non -l inea r it - ;

wt :i le  “A” an d  “B” rec.-a ine c  near alc’cct until fa i lu re . cc he 1~

ear—e las i- 5 c l ir i l t e  c1-Cl r::e:rt ac - -hi , -i n - .’ n c n — l i : o --cr  exn~rrinnntal reau1~ S

were not predi a te

)4~ 3 y-s alulu:- —b par: e

Aar-:r r e ; : t ot  f fm r e s ’ :  - - - r ’ :- a - h~~l-u- - (det m e d  in sect ion ‘~ . U a-rov i

a q u a n t it a t i v e  measure of the  ~c in t  - a t i f f n e s s .  The exp er ic”e:- ’ - r

of this property was det’~nrainc’i by performing a linear rerr a:aion anal-

y::is or: the inItial portion of the load-strain response for all a im;-1 ,~s

te-ated of a g iven concept it  a c m r r - l e  span . - iince the Ii m c ’ e  -ie r :’-a t 

l iu t i o n  of l o c h - s tr a in  response s--ic l inear , the  -apparent  c t b f f n e - : ~

could be cF -ta  h r ~’:’i a r rr o ct lv  from - t c ’~~- i i  s ca lcula t ions. M :du]  us v , - r - i - sr-an

a c  ‘~ L t s  for all concepts , a-h c :4 n in F c’ s”- s 2~ thrrouc’h 33 , fir: a r  11cr - -

r -  r t e  e~:o-: J t e n t  - r  t ‘ ‘ i i t~~ :-s between e>:r enimei-t, c m i  an abc ’l i cal

-
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suits for all span lengths . All numerical results are prc- ’i d ’i3 :~ i - ~~~

1. Finite element predictions were conservative for all ccnceF t s , C > --

cept “0” for which predictions exceeded test data by a max i m um of b2~~.

A first approximation to the modulus-span relationshi p can ~e oh -

tam ed by examining classical beam theory . For a uniform F-~’ar c-f len t

2L , thickness 2h , simply supported and subjected to a normal l~ ai ,

F , at x L (see Fi gure 34), beam theory predi cts

M moment F(x-L) - x

F 3 F 3 F L ’
y deflection ~~~~~~~~

- (x -L )  - 
~~

-
~~~~~

-
~~

- x ± —
~~

-
~~~~

-- x

where El Flexural Rigidity

The strain at the bottom surf-ace of the beam for x L ía

- M  Si
x= L

£ = _____— 1)
El

Evaluating the moment at x L and substituting into e-hucitlc-n (1)

- 
FLh

x L  - 
2E1

( :1 )

s-crete

2EI
K 

h

is  a const ,’rnt for a g iven beam . Clearly . equation (‘3) r~ p a-ene r 1 - :  the
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Table 1: Summar y cr  Modulus versus Span Results

M 0 D U L U S
Concept Span -F i n .  E l .  Exper .

inches 10 31b/in 10 31b/in
A 

— 

3.6 105 110
A 6 . 0  61 71
A 8 . 0  46 46
A 10.0 36 35

B 3 . 6  127 140
B 6 . 0  73 83
B 8 . 0  53 55
B 10.0 42 47

C 3 . 6  184 202
C 6 . 0  104 104
C 8 . 0  76 73
C 10.0 60 56

D 3 .6  141 138
D 6 . 0  80 75
D 8 .0  59 52
D 10.0 47 41

E 3 . 6  85 —

E 6 . 0  50 —

E 8 . 0  38 —

E 10.0 30 —

I
’ 

___

_  L >~

Ti 53i it ”  -~~~ -~ : ~“3 ri e I  ~~
- I S mp lv S : i j - 1 -  a rt  ed Foam 

.-~~~~~~~~~~~~~~~
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load-strain response and the quantity K/L represents the apparent stif~-

tacos or modulus . Applying this result to the determination of the spar-

wingskin modulus , “K” can be calcula ted from a single experimen tal t e - : t

or finite element solution and the complete modulus-span response can ,

in tur n , be determ ined.  Table 2 lists “ K ” values for- each -a r r - c ” arid

span as determined F-v -o th  experimental and finite element h-na. .‘cr

tions in “K” valuc; for a given si- -in are due to tl:e a c a u r a ~ i - n  of -cr~ -

form cross-section and -car tart- flexur-i l ri gidity made in the tear: t i e ~ r a

solution . Nevertheless , t h e  :acxlrauri 1< v a r i a t i o n  over cr am f - n  t i C  1-

mite element results is 10% and r e a c h e s  23~ for the e~.per:mercta1 resultr .

Agreement is cons i— lerci 1; Fe t t e r  for the concerts hav :nc a ~m-sll ins ert

(“A” and “Ti”) and accuracy decreases as span i~ n~ tL decreases.

When exp erimen tal modul Is-span data for  concepts  “A” throug h “F”

is p lo tted on a sing le graph (Fi gure 35) , several t r e n - i c  can he n o t e d .

Concep t “C” ex h i b i t s  the greatest s t i f f n e s s .  This can be a t t r i b u t e d  t o

t o  incr ’ea ed oc:a-- nt of inertia over an extended n-inc’ near t b  base -

the spar e x h i b i t e d  ~a’ t h i s  ocr ,  oj - t  - A l t i r o u r h  concer t “P- ” has a s i m i  l ii-

length , hi gh in e r t  range , the value of the cr~ ar ’-n t  moment o~ i-~’- : t  ~a

- a ign i f i  - - i n t l y ~r -e a r e r  for -Sa ’ : ra ’--t - t “ 0” . c n s e q u € - : r t  v * 
Cc:. - ‘a t ‘ i - ” ex-

hibits a lower -stiffness. t nr:ce; t “ 3 “  fa i l s  sli gh t ly  below “P” and t i ’ :

lowest s t i f f r r e .c; i_ s ex h f l - i t e d  by concept “A” wh ich  has ~‘re smal1es~ ap-

parent moment of ine r tia over the aFar :- at  rarrge . Referr - r:p t a  t i e  nod --

ulu-:; equ a t i o n  tr - ’sr : Fe,rm the -any  where m o d u l us  e~~uais  K/L , as c ’ I ) a f l  i i . -

creases the length of the span , 2L , 1-ecomes the dominate  tern and the

effects of local , joint configurations are insignificant. H-s i Lir lv ,

- 47 —
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2E 1 3 Exper imenta lConcept K= [10 ib]  ( T h eo r e t i c a l)

3 . 6 ”  span 6.0” span 
~ 

8 . 0 ”  span 1 10 .0 ”  span

396 4 2 6  368 350
A ( 3 7 8 )  ( 3 6 6 )  ( 3 6 8 )  ( 3 6 0 )

504 498 440 470B ( 4 5 7 )  (4 38 ) ( 4 2 4 )  (42 0 )

C 727  624 584 560
(662) (624) (608) (600) —

D 4 9 7  4 5 0  416 410
( 5 0 8 )  ( 4 8 0 )  ( 4 7 2 )  ( 4 7 0 )

E (3 0 6 )  ( 3 0 0 )  ( 3 0 4 )  ( 3 0 0 )

Table 2: ~ - ~: i 1  ;c-
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when -rod I cted modulus — apa:; r - osr c-nuea ;  1-o r 0 0 : 1 ; : :  t - “ A” l.r’ ou ~~:j “1 “ are

p lot ted on a s i n g le grap h (F i ~’ur-e  3 1), t h e  same t r c n d  can be r a c t e ;  f-ct -

the predicted results , however , the relative position :: of the re~ aomc e

curves for concep ts “B” and “F” have been exchanged. Also the ir e d ic t e d

response of concep t “E” is included and , as expected , fal1~: well ~-elot~

all other respotir s curves.

4 .4  M o d u l u n— J o i n t  Fillet Radius Resul ts

Examining  the e f fec t  of jo in t  rad iun  on apparent st f f n e ss  for  a

~iven span  length indicates that the relationship is linear , as s~ own in

Fi gures 37 throug h 40.  Assuming a l inear  equat ion  of the  form

M C
1 

± C
2 
r

= rriodulu-- or apparent s t i f f ne a o

r joint t a d  a -Is

rf l  ehu at  ion for s t i f f n e s s  as a f u n c t i  on of mo du lus  c a n  re c-I: - a n e d .

U t i l i zi n~a t r ia l  and error to d e t e r r i n e  t he  r e l a t i o n - a - h i ;  b e tw e e n  ‘3 .

and span l en e th , S , the foli o-wino approxin.n ion can he found:

332M (—
~~
—

~ 
+ (— m---a~

-
~ 
r (3)

whore M = ~~~~~~ in 1O~ l b/ i n

s pa n  lun~;th  in  nc :: ’~s

r = ~oint Fi l le t  r -~J a in inch ’c a

The max mria ~ °rrcr be tween  c - : u ; t ~~ - -  ( 3~ in- i  th e  m i t e  d c-most ot if fr-so
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pr e d i c t i o n  1. : l~ for all 5: in arid n -asia - values - - tdi-Ct: -- - .

hat  - uCtion (3) to ex I er -  r e n t  wi dot : , a maximum error of aprrro -t iasa -~l.-

15, is obtained.

4 .5 M o d u l u s — — I n s e r t  Pc i  g u t  to f - -a- - be ~- - -~t : -s R e s u lt

As s t at e l i:1 sect ion 2 . 2 , concer t :: ‘h’ a n ;  “ “ 
~~h l0 ,’eo t Y - af l O U -

lar c r o s s — se c t i o n  m a c r O .  hav inc  the sac’.o le:-ct h ~ro::. tL~ a~ ox to th e

base ang le I-ut OiVi:ii- h e i gh t - t a -b a s e  a-ca ic~ of 0 . 5  and 2 . + , resne -na avaic .-

The inclusion of concept “F ”  or-ovides two a d a l t i c n - 0 1 cases era

tr iangles having hei gh t - to -base  ratios of zero a:a al infinity . xarai r.ing

the e f fec t  of th i s  rat io on a ’ a  sner ~t stiFfness (Tii~ aron 41 thr -ou eF -~~~4 )  an

optimum apex onr le  can be u ct e r m i n e d .  For a tris na-ul -jir insert  aa ; in g  a

hypoteneuse approximately 1.85 cm ( 0 . 7 3  i n)  1st l’an ti: , the  f i n i t e  e e —

s ent data predicts that maxi m um stiffness is ac:~~ e ? e — , -oh ’~n a me is ; a-to-

base ratio of ip: roxinatolo 0 . 5  is emp loyed . i s is  r a t i o  a l - c  a:- rar-- - : ronns

so t h a t  needed in order to  r a s x i m i z e  t i - - ar- n a of an in - c a d s. t n n - - i c

having a constant hv ac t e n e u s e.  As noted n ~r c -v ious  sections , all ex—

rierirsor t- -ol r e s u l t;  f a l l  w i t h i n  10~ c-f finite el’:- .ar :t  pred c t i o n a .
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CHAPTER V

ANALYTICAL AND EXPERIMENTAL FAILURE R EF UL T S

5.1 Criteria for Failure

The second measure of -concept evaluation and methodology cots—

parison was the ultimate strength of the joint . Failure load for the

experimental analysis  was chosen as the maxi mum load achi eved bef ore

catastrophic failure occurred ; and ti:ea-: ica re , did no t necessarily rep-

resent the load at ini tial fai lure or croci. proa-at’atisn . Failure load

for the f i n i t e  element anal ysis w~ edic ted by three different fail-

ure criteria. Plc-cent.: in the vicinity of the joint , axclu ive of  the

isotrop ic insert , were eval u~ ted by toth the Tsai - --u and maxima-a . etress

failure criteria . The iss-tr (-ric ins t- s was analyzed using t €  raxi :.u

shear failure criterion . All three criteri a emplo--el esnuned that ulti-

mate failure and initial failure wet-- - si rardtaneous .

Ultimate strenrth allowable- : for- ind~ v diral cublaminat’-s were

ob tained from the Air  Force “A da ;n c - d  S’onpositc de~ - i ~~rj Gu i s e” [3]. f - c f-

erence was made for a h i  -h- -strength grs~- lt ~ to - epotcv comj- - te ann a l l

:-:trongth valu’-w-; utilized are shown in Table 3. lnterlan in-rm - atr ’ - nj’fl.s

were assumed to be equal to the transverse strengths of a un hH recth-nr;- ai

Laminate . The isotropic shear strength of the adhesive used tcr the in-

sert: was tb-i t recommended by Gillesp ie and Pi pes [1] and is also sun —
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p l i e d  i n  F ab l e  3.

5.2 Tsai-Wu Failure Criterion

The Tsai-Wu failure cr terion s a cultiaxial failure anal-’s~ o

which utilizes all stress ccsc o: :- r p - - in a sing le quadrat c ~-xsi-e sian.

For the la::~~na coordin ate sys tem , it is expressed in tensor notation

as follox::

t F . .  a .  a .  > 1 ( i , j  = 1,2 , ..,5,~~)

where F. and F. . are fa i lure  tensors which are functions of th e1

material stren gth proper ties :

F. = 4 
- —

~~
- ( 2 = 1 , 2 , 3) F.  = 4 - (j=t~.5 ,~ )

F .  —k- (i=1 ,2,3) F.. (i~~~,5. 6)5 1  
~~~ 

h1 
~~~ ~~~i 1 1I ad

< V~~. .  F . .  (i , ~=i , 2 , . .  . , 5 ,P )  -

um - - i~- -r e-d ~ cted when -:u;ation (4) is nat~ sfi ed (the le~ t — ~ r a - -  s id-

s t  t : — ~ e : U it  iTh  ~~c~ a:I~ 1.0). !i-~ l -ing this cr~ ten on for a St at-

st m - ’ia-s , eauat s-ri (4) re -bi:--s to:

L
2 

0 2 i 3 a~ + F~~ o~ + F 33 a~ F~ :s~~ + ~F 23 c

+ 2F 34 13
3 
0
23 

+ 2 F
24 02 023 1 1 (5)
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F. = ! _ J  F F -2 
~~ ~c 22 ~t 1c 

-
~~~~ ~~~~

2 2

F = -i-- - —i— F - ______ F -

~~ ~c 33 
- 

>~ 
, c 3~ 

- - 
~~~ 4L~

3 3 3
__ _
3

F44 = F
2~ = /F92 F44

and X~ , X~ , S.  are su~ ; l i e d  in Tab le 3. T h i s  quadra t ic  exp res sion

can be solved to obta in  the factor  of safets’ , , where

N 
- b ± ~~~~~~~~~~ ( p )

and

- Failure Load= Factor of Safe ty = -App lied Load

a = F 22 + F
33 

o~ + F
44 

0~~~~
3 

+ 2F 23 0 2 ~ 3

+ 21’
34 

0
3 

J
23 

+ 2F 214 02 
0

9 1

b = F 2 02 
~~ F

3 
0

3

c = - 1

Iritsit ting the stress components 0
1 

o~ , 0
3 

result i ng  from a s i n g le

point load at the t ot  of the spar , the resultin-s factor of safe Ic- , N

s equal U the  p r - e d i : t e t f a f lu t -  load.

b 3  exist-urn Stras Failure Cr i t e r ion

The second t I lurc- c r I ten on aced to eva lua te  the oro r -h i t e—ep c-x v
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_________

was: maxirnu:r stress. Thi r- l usrlon predicts failure x..~ n

an , one of t i i - ~~ stress - cornpon ’ - n t s  reaches or exceeds tp o-  orr

mater i-a l str-~-iict a. For the  i irs l i r sa  -:s -sr - -s ~ r sote sys tem , f a i l u re  is pre-

dicted when at least one of he following three ‘ su-itions is -at i sf ic: ,

a .  > X~ (-~ .>C) (i= i ,2,~~)

- > X ~ (a —sO) (i=l ,2 ,3)

~ S . (i=L ,5 ,6)

where X~ = maximum normal tensile stress

maximum normal o-oinrsressive stress
1 -

S. = next-mum she:sr - sress
1

2 - i t - i  b r  to the  T s a i — P u  a na ly s i s , t h e  p r ed lo  t ed  f n i  lure load c-is  P-  ol -

to  st i e d  -as - t i -  n i  n imum rat ic of t P ’s na:- : i r su rn mater  ci st i~i - - i i ; t s  - 5 .  - , l  -

responding - t ress  component due to a point ic - a- i  app l ied  at  the top of

the  spar or

Xt Xc

N —a- ~~ > 0) l~ - ~~~~~~ ( c - ~0)] 2 2 02 -

(n >0) = — —
~~

- (o ,~ 04
3 3 4 0

Sn
N ~ = T~~T
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where N = failure load

= stress due to- applied point load

and ultimate load is the m il-:inL un N value obtained .

5.4 Maximum Shear C-a l lur - r tes or.

Uti l ized  omIt ~sr the tra -li-s p Iss: of ins 115 or adhesive failure ,

~he maximum shear Sri Per - inn re s u i r - - tha t vieldinp of the insert nCte-

n a b  i n i t i a t e s  1-ailuu~- . The refo re , fa i lure  was ass-st-ed to occur when

the fo l lowing  e~~U 3 t s O a  was s a t isf i e d

F t
adh su

o > —  = F23 — 2 adh
sax

-shor e F t 1  = u l t i m a t e  adhesive  t e a n s l o  st r e nr t hadh

F~~ = ult it e  adhes i ve shear

~i - t a i n i n g  0
2 , 7

3 
and 0

23 
Pro-n t i -- - finite element analysis ,

C - -was se- h~ nes as1:_ ax

2 ° 3 2 2 1 1
a [(_ - _ — — — - -_---~ ~~~e ]

2 3  1 23max

Ille predicted f i i i u i  load , it , was 1et~ ”mined from

F SU
,~
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23  

resulted from the -a p l i c  40. ion 0± ii i -n-inS iasd ~;a ta l l  - -

of the or - on - .

\ value c-f 12.0 NIe ( 1 . 7 5  k s i )  was u-sec  f-s r the  u i P i n ~~Sa c - : : -  -

sive sneer str un- th as reco:s:inen ied b-v Cilless in and i m e t  [1]. t~l~ .:- :rli

P 5 : 5  shear :treristh yielded predict failure l- ::- : :  : - s h i - sb .  s : r ’ -~-- - :

tatively with otserved craci initi ati -sis loads , it pi- c-~ - i d e d  a soar n e -

ciction: on the ultimate load i~~r a riven ccncefl. ose--i~-r , u~~i l i zi n r  a

:55:015 s t rO n g  L i i  t i-Ic P 15 :- S the above value good cu -m t  i t a t i V n  oLd  ct ion s

ol i m i n t u lt i m a t e  load can h c -~~ bt 1::eJ .

5 .5  Ult imate  Load--Spors o05 O~~tS

The pred i c t ed  f a i l u r e  load for aCt  tho - IC fo 5lure sriterTh an~

t l o  ov o r  - - - - :x i e r l : s n st a l  ~ a 11151 a- sl otted veie u:- 5001:  - - - -ri~~~ 2 fo r  sll

5 nCa~ t~ r j i a rco:  +~ t::roe i 41. hamerical r--: u t-s coo s - - :  5 - - - -

t ab l e  4 . hxe rn in ri~- t h e  r - - ons - -cnses f-or c - i a n o p t s  ‘ - “ 
- 

- ‘  ‘ t s r  - 
“ I~~

’ ( F T

- s ~ S . Vi 
~~~~- - 4±: , r - : ; - r c t i v : l y ) , the  m4: - : :1 J ’l - S t i a - in Cr0 t o 1 :~~~i l 5 ~~’S~~~ .

f o~~l ire i s  i n  Per-los- s t a r  d o p o s h .  Ia’ a-fr -ic -sn P s--s S lisert sod th e  ~~~~~ - -

- ~ - s-: .- - - -;- t ~ - (see b ipu re  51 ar- d sect la -n  5. ’- ho -i - in  I i~~i 1-1 1 iur ~r l o c a  —

t~~or i s ).  C s n ::sni S t r a -  end i s - n i - s - i 051 Penis pea-d ot rr—pi i::: 4

st the Lot- ol the r vcrl np 2 -c-vt: t h i s  l o w e r  c —st -si - of tise ins - ~r ( F I ’  --

‘it ’-  Sfl ~ L - i 1- sa d :-:re: - ~~ t h i t t i  ‘ ‘ b r  .j~~scy -±--ov orlu~ ~ao- —n. -~ irasi i c-i

i l l  i s - -~- t a r  i - p U : sh e  5 s a  — a u  pn 1 ’ ct  s : :  5 1 5  conlservot i v : . w : t - : s - 1 ’ : l - l r -  - :

to -  maxauc :. stress , hut t!ie two Cr1 perTh l oand the es-c- ’ - 
si r ’egu t t .

it i 11 f , n  - -1t :~~: : l t I i _ 1 t,,-~-t- ~s - :l j i p i t ed 1 — v -r no el  r ‘ ‘J40 ’ a :  shown s i r  Th a I - -  4 t - ~

I -s r th irr r i  - - . a l l  ; - r e b i s U - r .l I i l u i - - - t o - - icc f e l t  -.‘elJ solow I t  - - : - . - rj—
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mental  f i  tidin g :; .

For concep t “E” (Fit-use 49), no experimental data was obtained.

However , the  predic ted  response curves show the same inverse relation-

shi p between strength and span as that exhibited ~-y all other concepts.

The Tsai-Wu criteria is conservative with respect to the maximum ctr~~ s

4 cri teria for this concept as well .

Examination of all failure results for a g iven span indi cate

that pi-e licted ultimate load-span responses are proportional to eacL

other and , in general , are of the same form as experimen tal results as

demonstrated by Table 5. For concept “B” , the approximate relation be-

tween theoreti-ssi t and ex~ eririen 1ai ultimate loads predii ct~ fa i lure load

to within 10% of experimental  f in d i n g s . Alth oup L th is  error is indica-

tive of mos t tes t values , one data point does differ Pc- hfl.

Comparing experimental ultimate load results for all concepts

and spans (Fi~:ure 50). two ti-en-i s can be noted. First , ti;e radial geom-

etries possess the oreatest strength with strength increasing as the in-

sert radius increases (see section 5.7) For the triangular geometries .

‘he Lnsert of lai-ppest as~-ect ratio y ielded the grea tes t streng th (see

section 5.8). As was the case with apparent stiffness , the in f luen ce of

local joIns geometry di m in ishes  rap idly with increases in span tens U -

5.~- Failure Ini tiation rites

Although f i n i te element prediction of fai lure ini t iation sites

i : - ~~i sI~~a t S t :  - forward , v isua l  inspect  ia - -u -turing -specimen tfl-st ing was q i i  te

- 7L ~ -

~ 
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TaCle 5: Proportionality of Ultimate Load versus Span Resul ts

Concept ~~~~~~

A 2.84 1.22 1.14

B 1.46 1.21 0.74

C 3.72 2.40 1.14

D 1.68 1.76 0.94

B — 1 . 2 8  —

F = Maximum shear f a i l u r e  loadad pred iction (Adhesive)

Tsai—Wu failure load prediction

F =  Maximum stress failure load
prediction

F = Experimenta l  fa ilure  loadex
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- 1600
4 0 Concept A

800 - 0 Conce pt B
0 Conce pt C
A Conce pt D 

-

~~

z

•0
0 a
o 0

800 ~1
S pan Length , L (cm )

10 20 30
I 

I
I I I 

1 0
4 8 12

S p a n  L e n g t h , L ( i n c h e s )

Fi gure 50: Experimental Determination of U;e Influence of Geomei:ry
and dpan on Ul t ima te Load
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i sc- :,- 1 - i : - i v t -  in ha--ter - : i u in g  s i a - c s  of crach 1r~~ i t ~ ~oc. I n i t i a l  Uj i l : e

cati outo C5Y provided in Fisw 51 Pcr ;~~~ : . the ;seore t - ~i ~~~i a-- --:; - - - -

mental  auia1 ’,- :~- i s .  For mo st  test -- p e c i m e n s , insert dePond in ~ occu r; ‘d

loads si gn it i ca i : ti ’z  :-ela ; -; f cal j o t n t  1a~~~-or- .

Although Fi ure 51 is se l f  -ex r i i n a s cr - ,- , a -ev~ r -a1 po :. a - j C O~ d

be noted. As indicated by experimental data u-cotta -i , the use of vi - u:,t

inspection must be regarded as O5i ,~ a good 3 -proxisation. Lao t — :- the

size of the area of interest , much dil ficuit - : ass encountered is trsU~~:-

to distinguish first crac-. in itiation .

Failures in concep t “B” were , ~~lj sc-ia-oral , c a t -a st r o t h i c  while  - 
-

crack i n i t i a t i o n  and pr opagaa- ion woo not ce,oi le in other  ccccept s .  As

span length increased , fa i lures  became incxeasin ~ l-,- violent due to the

large mid~ p -ir .  dcf lec~~ic- ri s prior to f i i lu r e  - Inter -  r ; - - -r t  ~: lur c.a-  tar

concept  “Li ’ cccur;-- 0 a  at the inser t  “ma -la h un. -- :cr s~ m:: ~o 12 — i t ; , r o - u s .

2 2 _ L ~ (see section C.6). This inter—in :-;ert lit l ul e s-ac F- t cots- -i i i :  S iP.-

plea hi vi ng -~n ii~ n.-r I s  ;- i c at o u  in a-tsp .

For concepts “A” t h r o uu h  “ s” , Tsa i — Wu and a - o x  a -urn stress sr- i t  -a-r Lii

L a t h  predicted in-a--lace f L i e r  fa lure at the ui’i - a--r - cr1 ~~ :‘ - of ~oa-e c-v et - la :

direc tly above the lower corners of t he  i nse et .  Only icr- concept “1’ d i d

the two criteria differ . For this concept . uaxirsun stre:;s s-ra-dicted an

;r C t - a - r l a n  nor fai lure at the -a-enter - --C the spar a-1;-ac’:ut to the wir. . -~ i: ,

whi le  the  Tsa i -Wu  c r i ter i on  p redic ted  an i r -p l :ca-e f ai l- ir e  wher ’s 1*- tag

of the overlap reet~ the :; gar.

Examination of failed specimens (Fi;’ur~sa- 52 thrs- gh fU~) n :f art;
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CONCEPT “A” CONCEPT “B” Most fa~ ur es

~___— 3 . l~~ - O . I-I // \\ ~.—i , , o o

~~~~~~~ H

o End of overlap— io .o o End of ove rlap —i o . i o o

CONCE~~~ c” *t i

CONCEP T “E”
I ,— ~~ S T R E S S  Finite Element P re~ic~ Ca - f l

• Ts ai- Wu and ‘- - t a -  ~- u  a- Stress

A 1 5 * 1 -  WI ~ ~2X l I ] iJ1fl Shear (ad he s ive 1
________ ________ 

Fx per imenta l Observations
- 0 Span lengths indicated

Finsi -~ sI: Initial Failure P cations
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SPA R-W INGS K( N JOINT ~ uiR~ fsi SPAN LENGTH 10.0
CaIN UNs fllaNd.$.

CO NCEPT “A” i- ‘ ‘
mm lO 2O 3O 4O 5~ 

SAMPLE

Fi gure 52: Specimen i-i; Failed (Concept A; 10.0 inch span )

SPAR W~NG5KI N JOINT SPAN LENGTH ~~
~~ mpoiiIN IflM~rlala

CONCE F T “A ’  ‘ SA -~v1PLE 1-mm lO 20 30 40 50 I

Fi gure 53: Specimen 1-2; Failed (Concept A; 8.0 inch span )
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I

SPAR -W INGS KIN JOINT SPAN LENGTH 6 0  j r
~ sIIapONIK ~ Ial~vI~ hs

CONC EPT “A” F ‘ -I SA -~v1P LE 1- -
~m m l O 20 30 40 50

Fi gure 51~1: Specimen 1-3; Failed  ( Concer t  i ;  [.0  in c h  tram )

S F A R W i NGSK I N JOINT SPAN LENGTH 3 6  j r
~~~~~~~~~~~ ~~~~~~~CONC EPT “A” — —4 

~A ’i~ Lmm lO 20 30 40 50 ‘ ‘  -

Fi gure 55: Specimen l_ L~; Failed (Concept A ; 3.6 inch span )
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I

S A R-W ~NGSK IN JOINT SPAN LENC; 1~ ~~. 6
~~.mp.uIs ~ flbI~rIaIN

CGNCEP T “A” F ——i S A 1  LE 2- Imm lO 20 30 40 50

Fi gure 56: Specimen 2-1; Failed (Concept A; 3.6 inch span )

SFAR-W INGSK I N JOINT SPA N LENGTH 6 0  i rC.u.p.uIgs ~$aIuIaIa(‘(~Mrrr -r ‘ IA I ~‘.aJ,u.~~r t- A 2-2mm lO 20 30 40 50

Fi gur e 57: Specimen 2-2; Failed (Concept A; 6.0 inch span )
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- C - ; - -

SPAR -W I NGSK I N JOINT SPA N LENGT F ~.0
~suipGuIf~ 1fla Nvt ~~hi

CONCEPT “A ” I- ‘ ‘ SA~ PLE 2-~mm 10 20 30 40 50 - ‘  -

Fi gure 58: Specimen 2-3;  Failed (Con c ep t A ;  8 .0  inch span )

—w - -~-~~~~~~ --- -

SPAR - W I NGSK I N JOINT SPAN LENGTH ~0.3
IftsII ~~vIMlu

CONCEP T ‘‘A” ‘ I I 
I c ,A~~

: : I  
~mm 10 20 30 40 50 ~~, L L

F i i ’u r v :  5 j :  Specim en 2—4 ; Failed (Con cept  A ;  il- .0 in c h  a -p
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I.- — _J~~
— — __________________

SPAR W INGSKIN JOINT SPAN LENGTH = 3.6 ir
~~~~~~~~~~~~~~~~~~CONCEPT “A” I I 

CAMDI C 3-Imen lo 20 30 40 50 J I LL

Figure 60: Specimen 3-1; Failed (Concept A ; 10.0 inch span )

SPA R-W INGSKIN JOINT SPAN LENGTH = 6.0 
~~— ~~~~CONCEPT “A” ~ ~, SAMPLE 3-2

Figure 61: Specimen 3-2; Failed (Concept A; 8.0 inch span)

— 83 —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



SPAR-W INGSKIN JOINT SPAN LENGTH = 8.0 in— ~~~~CONCEPT ‘A” I— SA MPLE 3-3mm 10 20 30 40 50

Figure 62: Specimen 3-3; Failed (Concept A; 6.0 inch span)

SPAR- W INGS K(N JOINT S uvf.’ SPAN LENGTH = 10 0IS~~NuIu~~ 
in.

CONCEPT “A” F- Imm10 20 3 0 4 0 5 0  -

Figure 63: Specimen 3-4; Failed (Concept A ; 3.6 inch span)
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SPAR -W INGSK IN JOINT SPA N LENGTH = &O
Csu~~ uWs SflaMrIal .

CONCEPT “B” SAMPLE 4-1

Figure 64: Specimen 4-1; Failed (Concept B; 8.0 inch span)

SPAR -W INGSK IN JO I NT SPAN LENGTH = 6.0 in
— m~~~~

CONCEPT ‘B” ~~ i
t
o ~ 

SAMPLE 4 2

Figure 65: Specimen 4-2; Failed (Concept B; 6.0 inch span)
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SPAR -W INGSK IN JOINT SPAN LENGTH 3.6 in
~~~~~~~~ uIluIsrIsI.

CONCEP T “B” ,~~~ ~~ ~, ~, 
SAMPLE 4-3

Figure 66: Specimen 4-3; Failed (Concept B; 3.6 inch span)

SPAR-W INGSK IN JOINT I_— I. SPAN LENGTH = 100
— M~~CONCEPT “B” 40 SAMPLE ~~

Figure 67: Specimen 4-4; Failed (Concept B; 10.0 inch span)
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SPA R-W INGSKIN JOINT ~~~~
_
~Ii SPAN LENGTH = 3.6

— - - I - - -
CONCEPT “B” ~ SAMPLE 6-1

Figure 68: Specimen 6-1; Failed (Concept B; 3.6 inch span)

SPAR-W INGSKIN JO INT 1—I— ,., SPAN LENGTH = 6.0 
~— ~~~~

CONCEPT “B” 2;., ~ 
SAMPLE 6-2

Figure 69: Specimen 6-2; Failed (Concept B; 6.0 inch span)
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r

SPAR W INGSKIN JOINT SPAN LENGTH 8.0 ir
— m~~~~

CONCEP T “B” ~ 30 ~
, ~, SAMPLE 6-3

Figure 70: Specimen 6-3; Failed (Concept B; 8.0 inch span)

SPAR-WINGSK IN JOINT IUl IS~ SPA N LENGTH = 10.0
— --1~~~I-

CONCEPT “B” 10 20 30 40 50 SAMPLE 6-4

Figure 71: Specimen 6-4; Failed (Concept B; 10.0 inch span)
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SFAR -W INGSKIN JOINT SPAN LENGTH
C INp.*II~ ~~~~~~~

CONCEPT “B” m~~ i~ 
SAMPLE 9~

Figure 72: Specimen 9-1; Failed (Concept B ; 3.6 inch span)

SPAR-W~NGSKIN JO INT SPAN LENGTH 6.0 ir.
— ~~~~~~~~ -~~~-

- -
I SA MPLE~~~~~~ D 10 20 30 40 50 9 2

Figure 73: Specimen 9-2; Failed (Concept 8; 6.0 inch span)
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SPAR W iNGSK IN JOINT SPAN LENGTH 8.0 ir
~~.Np uIK Ifl. ~~I$I.

CONCEPT “B” n~m 10 ~O ~ 
SAMPLE 9-3

Figure 74: Specimen 9-3; Failed (Concept B; 8.0 inch span)

SPAR-W I NGSKIN JOINT SPAN LENGTH = 10. 0 
~~— ~~~~CONCEPT “B” 10 SAMPLE 9-4

Figure 75: Specimen 9-4; Failed (Concept B; 10.0 inch span)
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SPAR WINGSKIN JOINT SPAN LENGTH = 10. 0 ir
CoINps~I*s IftaIsrI I~

CONCEPT “C” n~m ito ~o ~
‘o ~s~o d0 SAMPLE 10- 1

Figure 76: Specimen 10-1; Failed (Concept C; 10.0 inch span )

SPAR -W INGSK IN JOINT ~~~ SPAN LENGTH 8.0 ir .
c...,..a.. m.i.rlas.

CONCEPT “C” n~m ~~ ~o ~ 
SAMPLE 10-2

Fi gure 77: Specimen 10-2; Fa i l ed  (~~oncet ~t C; 8.0 inch span)

—

5-- -— —5  .-~~~~~~~~~ ~~~~~ - - —  - —  ~~~~~~~~~~~~~~~~~~~~~~~ - -S - .~~~~~~~~~~~~~~~ -



SPAR -W INGSKIN JOINT SPAN LENGTH = 6.0

~~us,p~~ii~ mMlqrI.Ia

CONCEPT “C” n~m ito ~O ~ 
SAMPLE i0-~

Figure 78: Specimen 10-3; Failed (Concept C; 6.0 inch span )

SPAR-WINGSKIN JOINT SPAN LENGTH = 3.6 in.
— m~ u~~~

(1AMI’Cfl T 
I I I I C A A I D I r

~~~~~~ j 
~d mm 10 20 30 40 50 ~~~~~~~ LC

Figure 79: Specimen 10-4; Failed (Concept C; 3.6 inch span)
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SPAR-WINGSK IN JOINT for SPAN LENGTH 3.6 ir .
~oiss o~k~e ~I.IsrI.I ~

CONCEPT “C” mm ito ~o 3to~ ~ do SAMPLE 11 1

Figure 80: Specimen il-i; Failed (Concept C; 3.6 inch span )

I

SPAR -W INGS KIN JOINT SPAN LENGTH = 6.0 
~~.isspos.b~ muI~rs.Ix

CONCEP T “C” n~m ito ~
‘o ~ 4to do SAMPLE 11-2

Figure 81: Specimen 11-2; Failed (Concept C; 6.0 inch span )
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S FA R -Wi NGSK I N JOINT ~~uI~r ior  SPAN LENGTH = 8.0 i r
~Giuup~uIIi mMH~rIuIN

CONCEP T “C” rn~ 10 20 30 ‘ito do SAMPLE 
~~

Fi gure 82: Specimen 11-3 ; Failed (Concept C; 8.0 inch span)

SPAR -W ING 5KIN JOINT SPAN LENGTH 10.0 ir
~oisspa.N~ ftI.kñaI.

CONCEPT “C” mm i~ 2
1
0 ~ SAMPLE 11-4

Fi gure 83: Specimen 11-4 ; Failed (Concept C; 10.0 inch span)
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‘- ---—5. .-——- - -.5.- —5., ~~~~~~~~~~~~ S~~•• ~5.5.S• ~____~~_~ - -. -5.’~•~

S PAR -W INGSK IN JOINT SPAN LENGTH 3.6 ir
~i~iespoeeIW flhsfl~rh.~aCONCEP T “0” n~m 10 20 do SAMPLE 12- 1

Figure 84: Specimen 12-1; Failed (Concept D;  3.6 inch span )

SPAR -W INGSK IN JO INT SPAN LENGTH = 6.0 ir .
~OMspoMIW m iorsal.

CONCEP T “0” m~~ ito 2to 3to tsto do SAMPLE 12-2

Figure 85: Specimen 12-2; Failed (Concept 0; 6 .0  inch span )
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r

S [AR -W INGSK IN JOINT SPAN LENGTH = 8.0 ir
c...sp.~isw m .~ s.s

CONCEP T “ly ’ ,4m i’o ~
‘o 3to ~o do SAMPLE 12-3

Fi gure 86: Specimen 12-3; Failed (Concept D; 8.0 inch span )

• •

S~.AR - W iNGSK I N JOINT SPAN LENGTH 10. 0 j r

~.mp. IW ~I lorIaI
CONCEP T “0” m~ ito 20 30 ‘ito do SAMPLE 12-t

Fi gure 87: Specimen 12-4; Failed (Concept 0; 10.0 inch span)
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- - ‘~~~~~~

SPAR -W INGSK IN JOINT C~~zr ts, SPAN LENGTH = 3.6 in.
~.uI~~.sIs m.ws~~

CONCEPT “D” SAMP LE 13-1

Figure 88: Specimen 13-1; Failed (Concept D; 3.6 inch span)

S FA R- W I NGSK I N JOINT ~~usIsr Cor SPAN LENGTH 6.0 ir
~euuup.oh~s mais sau~

CONCEP T “D” n~m ito ~o ~ ‘sto do SAMPLE 13-2

Figure 89: Specimen 13-2; Failed (Concept D; 6.0 inch span)
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S~AR-W iNGSK IN JO I NT SPAN LENGTH = 8.0 ir
~.iuspooNs mawraas.

CONCEP T “jy ’ n~m ito 2to ~to ~to do SAMPLE 13-~

Figure 90: Specimen 13-3; Failed (Concept 0; 8.0 inch span)

SF A R -W i NGSK I N JOINT SPAN LENGTH 10.0 ir
~.suspsu5Is m i~ s.e,

CONCEP T “D” n~m ito 2to 3to 4to do SAf ~.iPLE 13-4

Figur e 91: Spec imen 13-4; Failed (Concept D; 10.0 inch span)
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three additional failure details . First , insert debonding occurred at

the insert-laminate interface except occasionally , when delamination oc-

curred at a position one or two plies into the laminate. Over lap-wing-

skin debonding rarely occurred precisely at this interface but , in gen-

eral, involved a delamination between the uppermost two plies of the

wingskin. Finally, short span length specimens usually did not com-

pletely fracture and continued to carry a small load after failure ;

whereas, long span length specimen failures tended to completely separate

the spar and overlap from the wingskin at failure.

5.7 Ultimate Load--Joint Fillet Radius Results

Investigation of the ultimate load versus joint radius for each

span (Figures 92 through 95) suggests a relationship between predicted

adhesive failure load and observed specimen failure load . Unfortunately,

due to the lack of experimental data, the determination of such a mathe-

matical relationship between the two sets of data is difficult and neces-

sarily presumptuous .

Noting the ultimate load-joint radius responses for the two lam-

inate failure criteria , it is apparent that no similarities exist with

experimental data. Both Tsai-Wu and maximum stress criteria indicate a

joint radius of approximately 0.76 cm (0.3 in) yields a maximum ultimate

strength. Intuitively and in comparison to experimental results , this

is unrealistic.
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5.8 Ult imate  Load--Insert  Hei,,ght To Base Ratio Results

As was the case in the previous section , plots of ultimate

strength versus insert hei ght-to-base ratio (where insert hypoteneuse is

a constant) indicate a close relationship between predicted adhesive

failure loads and experimental specimen failure loads. Examining Fig-

ures 96 through 99, a proportionality between Tsai-Wu predictions and

experimental data is also noticed and for the case of the two shorter

span lengths is determined by the following :

F 1.48 F for 9.1 cm (3 .6  in)  spanexp tw

F = 1.94 F for 15.2 cm (6.0 in) spanexp tw

Unfortun ately ,  further correlations are not so apparent . Again , the

maximum stress criteria appears totally unrelated to experimental find-

ings

Of considerable concern to the desi gner is the determina tion of

the insert height-to-base ratio which maximizes the out of plane streng th

of the joint. Experimental results , maximum shear and Tsai-Wu predic-

tions all indicate that this optimum ratio is somewhat greater than 2.0.
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CHAPTER VI

WEIGHT CONSIDERATIONS

6.]. Joint Weight

An important factor in the evaluation of a given jo in t  concept

is its influence upon structural weight. For this analysis the values

computed correspond to the weight of the spar , overlap and insert. Cal-

culations were based on a spar height of 5.1 cm (2.0 in), an overlap of

3.66 cm (1.44 in) in length , a ply thickness of 0.005 inches , a density

of 0.0079 kg/cm 3 
(0.059 lb/in 3) for the graphite-epoxy laminate , and a

density of 0.0062 kg/cm3 
(0.046 lb/in

3
) for the adhesive . All concept

weights are supplied in Table 6 along with normalized values obtained by

dividing the given concept weight by the weight of concept “E” . Concept

“C” was the joint of greatest weight followed in order by “D” , “B” , “A”

and “E”

6 . 2  Span Length Ef fec t s

Since all concep ts have been investigated over a range of spans ,

it is important to examine the influence of this parameter on weight.

The weight values shown in Table 7 were obtained by adding to each of

the spar weights given in Table 6 the weight of the wingskin of length

equal to the spar-to-spar spacing corresponding to a given span . Per—
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T a b le b :  Spar Wei gh t s

Wei ght Percen t of
Concept concept “E”

N lb

A 0.109 0.0246 103

B 0.126 0.0284 119

C 0.149 0.0336 141

D 0.140 0.0314 132

E 0.106 0.0238 100

Table 7: S~..~ r -Wingsk in  Wei ghts

lb
Concept W E I G H T (% of “E”)

3 . 6”  span 6 .0 ” span 8.0” span 110.0” span 
-

A 0.164 0.257 0.334 0.412
(100.5) (156.8) (204.1) (251.4)

0.168 0.260 0.338 0.415B (102.8) (159.1) (206.4) (253.7)

c 0.174 0.266 0.343 0.420
(106.0) (162.3) (209.6) (256.9) ‘

D 
0.171 0.264 0.341 0.418
(104.6) (161.0) (208.2) (255.5)

0.164 0.256 0.333 0.411E (100.0) (156.3) (203.6) (250.9)
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centages indicate the relative concept weight for a given span as com-

pared to concept “E” at a span length of 9.1 cm (3.6 in). In applica-

- . tion of Table 7 , it must be remembered that the spar-to-spar spacing is

- inversely proportional to the number of spars required. To support a

203 cm (80 in) wingskin requires only three spars at a spar-to-spar

spacing equivalent to a 25.4 cm (10 in) span length while nine spars are

required for the 9.1 cm (3.6 in) span length .
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The use of l inear-elastic f in i te -e lement  analysis , supported

and validated by experimental results , provides an excellent means for

the design and analysis of a jo in t  to carry ou t -o f -plane loads and illus-

trated herein by a spar-wingskin joint . Five joint concepts were in-

vestigated. All concepts consisted of a 
~~~~~~~~~ 

spar which over-

lapped and was co-cured perpendicular to a 
~~~~~~~~~~~~~~~~~~~ 

wing-

skin with the enclosed void at the base of the spar filled by an adhe-

sive . The laminates were fabricated of Hercules ’ AS 3501-6 Graphite-

Epoxy , and Reli~i hie Manu . Inc . Reliabond 398 was emp loyed as the adhe-

sive. All joint concepts were identical except for the overlap geometry

in the immediate vicinity of the base of the spar . The five ~‘eometries

used from the apex of the insert to the overlap-wingskin contact point

were :

‘ Concept “A” having a 0.64 cm (0.25 in) radius

• Concept “B” having a 1.27 cm (0.50 in) radius

• Concept “C” having a triangular cross-section insert 1.27 cm

(0.50 in) in height and 2.54 cm (1.00 in) in base length

• Concept “ I)’ having a triangular cross-section insert 1.75 cm

(0.69 in) in heic-Jit and 1.47 cm (0.58 in) in base length

• Concept “E” having no insert and a radius of zero length.
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Loading conditions for each concept consis ted of simple-su~~orts posi-

tioned symmetrically about the spar on the top of the wingskin , wit h a

tensile load applied through the spar. Four different span lengths were

investigated ranging from 9.1 cm (3.6 in) to 25.4 cm (10.0 in). All

concepts were evaluated via an extensive finite-element analysis with

results compared to data obtained from experimental tes ting of concepts

“A” through “D ” .

An elastomeric tooling consisting of two silicone rubber bladders

fitted in an aluminum containment fixture was developed for the fabrica-

tion of experimental test specimens for each concept . From this fa~ ri-

F cation experience the following conclusions can be made :

• Elastomeric tooling provides an excellent method for the faL.r]-

cation of difficult geometries .

• For concepts having other than a smooth radial t ransi t ion

from the spar to the wingskin , it is necessary to pre-cure

the adhesive insert .

Recommendations for future fabrication are :

In addition to forming a radius on all interior corners of

the bladders to prevent stress concentrations , a thick sili-

cone ridge should be formed over the edge of the interior ,

bladder port washer.

• A caul plate having small perforations should be used to pro-

vide for more even resin flow and possibly omit the necessity

of wingskin prebleeding .
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• In order to obtain a smooth interior surface on the test

specimen, the use of bladders faced wi th a thin s~~ c-t of

metal should be invest igated.

Analytical and experimental stiffness resultr showed a hiph ~e-

gree of correlation . Defining modulus or apparent stiffness as the ~ -

p lied load divided by mid-span s t ra in  at the lower surface of the w ng-

skin , a quant i ta t ive  measure of joint stiffness was obtaineci . Th~~;

measure can also be used when designing for maximum strain . Coriclj . inns

from modulus results are :

• The finite—element meshes utilized in th~ : rese~ rr:h provided

an excellent model of each given ~oint concept for use In the

determination of that j o i n t ’s load-strain response .

Joint concept stiffness or modulus increases linearly wit~’i in-

creasing joint fillet radius . Mid-span strain is inversely

proportional to joint radius for a given load .

• For triangular cro.:s-section inserts having a constant 1en~ t~

hypoteneuse , a height-to-base ratio of a~~ roximatelv 0.5 maxi-

mizes the modulus value and minimizes the mid-span strain value .

• Regardless of the cross-sectional geometry of the insert , the

modulus decreases exponentially with span . Therefore , span

lengths below 10.2 cm (4.0 in) must be employed if any bene-

fits of individual joint geome tries are to be re~ l:zed.

• As expected , the greater the thickness of the joint at the

base of the spar and the greater the distance over which the

increased thickness region ranges , the greater the apparent

— 1 1 4 —
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stiffness of the joint concept.

The Tsai-Wu and maximum stress failure criteria , used for the

composite , and the maximum shear failure criterion , used for the adhe-

sive , were employed to predict joint strength. For all cases , both the

Tsai -Wu and maximum stress criteria predicted in-plane failure at the

top of the spar above the lower corner of the insert and the maximum

shear fai lure cr i ter ia  predicted interlaminar insert-overlap debonding.

Experimentally, all joint failures initiated as either insert-overlap

interlaminar failure or overlap-wingskin interlaminar failure. Conclu-

sions are summarized below :

• The Tsai-Wu failure criterion offers a conservative prediction

of failure load as compared to the maximum stress criterion.

• The maximum shear criterion provides a reasonable prediction ,

as validated by experiment , of the initial site and approxi-

mate load for first failure. This failure does not , however ,

correspond to final catastrophic failure.

• As span increases, strength decreases exponentially.

• Smooth radial geometries provide a continuous load path and re-

sult in greater strengths than the discontinuous triangular

geometries.

• For the radial geometries , the Tsai-Wu and maximum stress cri-

ten on offer a very poor prediction of ultimate load-joint

radius response. Maximum shear does appear to model this re-

sponse fairly well, but additional experimental work is re-

quired to determine the ultimate adhesive shear strength used

- 115 —
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in the theoretical analysis .

For the triangular geometries , both the T s a i - Wu  and r~~x~~~i~i

shear criteria offer a good prediction of ulti !’~~t~ load-h e]ght

to base ratio response. Again , experimental  work ~. -i nQ~ to rv

to determine better estimates of material strengths .

General conclusions concerning the overall design cf the spar-

wingskin jo in t  are :

• Smooth radial geometries are far sur er~or to triangular ~e-~n-

etries in terms of strength.

• The use and/or investigation of different joint conce:ts is

valid only for span lengths in the range of 7.6 to 10.2 cm

(3.0 to 4.0 in).

• For the concepts inve~~ti gated , concept “B” , e m p l c y i ny  a

1.27 cm (0.5 in) radius at the spar-wingskin intersect ion pro-

vides the greatest s t rength wi thout  sacr i f ic ing st i f f n e s s .

• Joint strength is dependent on adhesive shear s t r e n g t h .

• In comparing j o in t  concept strengths from several sources , one

must take care to introduce a proportionality fac tor to acco unt

for variation in the moment of inertia values with ch a n g i~~’

wingskin thicknesses. A ratio of the cubes of the thicknesses

has been used to obtain favorable results.

I
Throughout this  research effort , several areas were suggested in

which future research would he benef ic ia l . Recommendations for such fu-

ture research are :
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• Investigate additional failure criterion to better predict

joint strength.

• Investigate additional “smooth” insert geometries (i.e. ellip-

soidal).

• Employ the use of an iterative finite-element model to predict

joint strength. As failure progresses in one region , the re-

gion properties are modified and the model is reloaded. In

th is  way , the fai lure path could be traced.

• Investigate the use of pultruded rods and helically wrapp ed

tubes to replace adhesive inserts .
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APPENDIX A

SINGULARITY FUNCTION ANALYSIS

In order to investigate the response of the full wingbox to a

given pressure load , the structure was modeled as a multispan unifor~.

beam and analyzed by singularity functions . As shown in Figured 101 ,

the lower wingskin of the wingbox was isolated and modeled as an inde-

terminate beam of uniform cross-section simply supported at each sr-ar--

wings~.i n joint (every 20.3 cm [8.0 in]). A constant pressure loa’i ,

P. , was permitted in each cell (span between two adjacent suphorts)

and pressure was allowed to vary from cell to cell. Usin~ the f~.. 1].c~. -

ing definitions :

vj = disp lacement at support i

F. ve rtical force exerted by suppor t i

pr’e~:surc exerted from support I to su~ p~ rt I + 1

V ( x )  shear force

M(x ) moment

v(x) = displacement

I moment of inertia

E Young ’s modulus

x distance along beam

The boundary conditionn fh~r the mul t isp an beam
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v. 0 i = 1, 2, . . .,  10, 11

M(O) M (80) = 0 (7)

The following singularit y function was used to describe the loadir~ on

the beam

P(x) = El = 
rn~ 2 

F
m 

<X - 8(m - l ) > 1 
- 

n~ l 
P <x - 8(n-l)>°

10
+ E P <x — 8n> ° (8)

n l

Integrating equation (8) four times the fcl1o’~.’~ n~ cxFr-essions for snear ,

moment , slope and ‘disp lacement are obtained :

- V(x) = LI F <x - 8(n - l ) > 0 
- P <x - 8(n-l)>

1 
+

1
+ P <x — 8n> -t- C (9)

n 1

2
El = F <x - 8(m-l)) - ~~

- P <x - 8(n-l)>
2 

+2 m 2 ndx

1 2
-s -—P <x — 8n> i- C x + C2 n  1 2

10 10
El ~~~~~ ~ ~~- F <x - 8(m-l)>2 - E ~~

- 1’ ~~ - 8(n-l)>
3 

+dx 2 m  6 n
m 2  n=l

10 -‘

+ E ‘~~~ P <x - 8n>
3 

+ C x
Z 

+ C x + C (11)
nl 6 ~ 2 1 2 3
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10 10
LI v = S ~~

- F <x - 8(m-1)>
3 

- S -
~~
- P <x - 8 ( n - i ) > 4 

+6 m 24 nm 2  n 1

10 
1

~ ~71 “~n 
<~~ 

- 5~ >4 + ~~
- C

1 
x
3 

+ ~~- C~ x + C
3 

x + C ( 12)
n= 1

App ly ing the boundary conditions stated in equation (7) yielded 13

simultaneous expressions in F
1 , C. and . These expressicri:. were

represented in matrix form as follows :

[A] (F) = {P} (13 )

where [A] , (F) and (F) are given in Tables 8 through 10. Premulti-

—lplying equation (13) by [A] yielded:

{F} = [A]~~ { P}

where the vector (P} was specified for each load case and [A]~~ is

the constant coefficient matrix. Consequently, the support forces and

the four constants of integration were determined for each load case .

Substitution of the F. and C. values into the equations for pres-

sure , shear , moment and displacement, yielded equations for all four

quantities as a function of the distance along the beam , x

The above procedure was programmed into a Hewlett-Packard

model 9825 A portable computer which was tied into a Hewlett-Packard

model 7221 A plotter . Using the program supplied in Table 11, twenty

load cases were analyzed and plotted (Figures 101 through 118). Each

f i gure supp lies the specif ied loading along with the shear , moment and

displacement induced by that loading .
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F5

F3

F
4

F
5

F
6

{F )=
F10

Cl

C2

C3

C4

Table 9: (F) Array
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APPENDIX B

DETERMINATION OF MATERIAL PROPERTIES

The in-plane material properties for specific sublaminatos were

obtained from a i do i n ot o  analy s ic  program (App endix  D ) , utilizinp lam-

m a te plate analysis , and are supplied in Table 12. TPe unidirectional

:naterial properties used for the laminate analysir are ret— r’e~ entative

of the Hercules A rH~35Ol-6 gra ;—Fiite-e roxv system.

The :nterlammnar raterial propertier— are not nrov~ ded ~v clar-c:i -

cal io’:nnate tr:eor 1’ . ks outlined by Gillesp ie ran Pipes [1], 1’: fol—

lCWIn ~ J :1SUIflpt iOflS can be cr-ar-Sc for’  the lamina interl-a:n~ n-ar r . :  - - - - c  ies:

E Z E
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where L. are the Young ’s i I O I i U ~~~ and v .. are the Poisson ’s i- i t ira-s

l u  lami na , and the  i , suI-r-uiH pt ; re- f or to the lamb - a  coorH I 1 t 0
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-:o (, i C j In a t p  system shown in FH~cl r’’ 120.
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transver~,e 
,C OLSSOfl ratio is

V . = - 
~~~~ ‘ I = x ,y (114 )

where

n -

~
k=l - -

~ kE t
k=1

k • t h
and t = thickness of k p ly

= change ~ :; tl:i-sknes:- of k 5-
~ ply after loadins

fl s and-er of plies in laminate.

Assu:~iing u:,~ dir-rn; rlsn ’n I a l  t r~ is:; in edCh laiiiiiia , t h e  :h anoe in  t h i c -  s-,~r ,

Iiof the k lam ina  is

. 1< 1 < 1 <
LIt = e - (it- )

S~~~s~~~i:’ution of H - s it i o n  (1L ) inno o-r,sstion (17) yields

k kE c  t
z - ‘

= ~~~~~~~ -

kS
:1

rum the  - ‘ s - t i f u t i v e  r o l a t iu n  or - i i i  L~~~~~: 1 O t 1 C O I  I C  t s r - sr i  i ,

-1< k -1< 1< -k P 1<
0 C 13 C C

C 3  
E~ + ~ . C + I~~

3
~~ 

~~~
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and assuming plane stress (a =0) , the following relation 1-utweox. t h e

strain r-orc~ onentc- for the kth layer is obtained.

- 

C
I3

E 
- 

C~ 3 
- 

C~~~~~ 
- (18)

Examination of laminate theory provides expressions fcr- the Ic-plane 
—

strains c , e and y - Sub ecting a symmetric and balanced dan~-x y xy -

m ate to the loadlr1C , N ~ = = 0 , the l a min a t e  p l r a t~

theory yields the expression

o r-~ A 0 cIll . 2

= A
12 

A
2~ 

0 c (19)

L 0 0 A <r - c ,

-shore A .  is th e  laminate extensional  s t i f f n e s s  m a t r i x .  Equra~~i r -n  (l~ )

can be solved f r - - r -  c and c vielSin,-x y

c ‘— 
~~~~ 

-
~~
-- (2 0)

A A A 5-
11 22 12

- A  N
= 

12 y (21)
A A A211 22 12

‘ u l : - t i t u t i r i i ~ equa t ions  (2 0) and (21)  into equation ( 18) the norisal

k - th:;t r-i I lI , c~ , in the k layer may be determined
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(~~k A “ Ak 
= ~l3 1 

- 
23 11 

~ - ( : 2 )
0

33 
A11 A 22 —A~ r- 0

33 
A11 A 22 -A 12

L-~u 1t l O S  (22) may be suHt itute -d into equatir--n (17) -an-I s-sc,.’ m ed ;- , itS

C equation (20) to gIve the SinaI sx~ e1sion for t i? trra rr- —;verr-e P o i s s r - : , ’s

ratio of the laminate . v
yz

- ~~~~~~~~~~~~~~~~
k~ l 

~~ s A
11 c~~

V = - (2 3~ys 
k

~

k=1

rrom r r - c i r - r c : i ty  we may determine the m~non t r -ar s- ;e-rr -e  P o i sr - c -n ’ s r s : o ,

v = (V )(c /c ) -sy yz  z y

The expression for the second Podr-,:-on ’s rat i o- , V , can he deturnin”- -:x~

~ in a s  imilar  manner

-1< -k
n ( A

k= i  
-

~~~ A 22 ~~~

k l

and again

- 1 5 0 -

- 
‘ -

~
5-

~~~ - --— ~~~~~~~~~~~~~~
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E
z

V = V — -zx xzE
x

In order to evaluate v and v , the transformed mater ia l  c o n s t a nt - - 5-yz xz
(i ,j=l ,2,3) , must be determined . Coordinate transformation p ro-

vides the following :

-k 2 2
C
13 

= m C
13

+ n  C
23

C
23 

= n
2 

C
13 

+ m
2 

C23 ( 25)

-k 
CC

33 
—

where m cos 0

n = sin O

C
13 

= E
2
(V13+V12 v23 )/D E T

( 2 8 )
0

23 
= E2 (v

23÷v 31 ~12~ ’DET

C33 
= E

2
(1-v 12 V21)/DET

DET (1-v 12 v21-v13 V31-v23 V 32 -V21 V
13 

V
32

—V
31 

V
12 v 2 3 )

Repeating the assumptions for the lamina interlaminar properties made

at the beg inning of this derivation

V 13 V
12

V
f 

V
f 
+ v (1_v

f
)

E
3 

E
2 -

Emp loy ing reciprocity
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-V
31 

= V
13 r:;i’ — V 12 r- ‘ V

21

(2 7 )

- 

E
3 -V

32 
V

23 f— - ~ - V -

Subs t i tu t ino  esuat iori (27) into equatiOn (26) yields

C 
C13 

= E2 (V
12+V 12 

V ep )/ DET ’

C = E Cv -i- v v ) / D E T ’23 2 ep 21 12

C
33 

= E 2 ( 1—v
1~ V21)/ DE T ’

2
DET = (1-2v 12 V

21
_V

ep
_ 2 V

i2 
V

21 
Vep ) -

‘dde expressions for tile interlaminar Poisson ratio- are now completely

defined. The above equations were incorporated into the  laminate analy-

sis program in Appendix 0 which was used in determination of all lan’-

~nate properties supplied in Table 12.

As noted previously, the Seliahond 398 adhesive insert was

modeled as an isotrop ic material wi th the properties indi cated in Tai le

12. Values used correspond to the manufacturer ’s recommendation .

— 152 —

— ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - , ,  5-—-—— ’ —
~~ 

- 
~~~~~~~ ~~~~~~~~~~~~~~~~~ - -



5 -’ -~~~~~~~~~~~~~~~~ ’5- 5 -’~~~~~~~~~~~~~~~~~~~~ ’ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A P P E N D I X  C

SPECIMEN FABRICATION AND TESTING

0.1 Prepreg Laminate Construction

In ord er to verif y the theoretical analysi s, several test speci-

mens were fabricated and tested . Initially ,  a 25 ~ 30 cm (10 x 12 in)

prepreg wingskin was fabricated using unidirectional AS3501-6 ~rapi~ite-

epoxy , 30 cm (12 in)  wide , prepreg tape . As the 0° laminate direction

wa s parallel to the shor t axis of the rectangular prepreg lam inate , the

0° plies could be cut directly from the 30 cm (12 in) wide tape . 90~

plies requi red some tr imming but were easily obtained. The 145° plies

were obtain ed by first constructing -i- 4450 and ~ 4450 prepreg lam ina tes

7 44 cm (29 in) in width and 101 cm (140 in) in length. Each large 1- 45°

or + 45° laminate was then cut into seven 25 x 30 cm (10 x 12 in) sec-

tions , for use in the wingskin , and twelve 13 cm (5 in) square sections .

The 13 cm (5 in) squares were utilized in fabrication of the spar and

will be discussed later.

Af ter all wingskin p lies had been cut the 56 ply wingskin was

fabricated. Each ply was indi vidually ali gned wi th a fixed reference

sjntCtn to reduce misali gnment and suc cessive plies were rolled to re-

~uc : interlaminar voids . Special attention was tak en in p lacemen t of

the -s- 45° plies to insure the symmetry of the finished wincy~kin . Upon
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comp let ion ut the  urI t ire Y ’ I~~ -t’ ’4’ wlnl ’- in , t - ,e l - ir - i nate was cut ~ t i t ~-

two 12 x 30 cm ( 5  12 i n )  sec l ions for placement into tIlls ela :1o-r’ - - i - i c

tool used durir-C proct -~Ing A oor ~ver~t iona 1  t ab le  saw was u’ eS to  sec-

t ion  the j-reprs~ ’ lam cu -ate , and t:i€- laminate was cooled ~~~~~~~~~~~~~~~~

0°C (3 2 °F )  p r ier  to c u t t i n g  to reduce laminate  damage and fuul rig ~1’ t h ~

s ,~ w blade .

W ith the pr’esreg wingsk ini comp leted , the next r-te~ was the con-

‘:tn-uosion of the spar and overlap . The spar- was constructed of two

~~ ~6 
lam hsotes having an “L-shaped” cross-section . In order to ac-

hieve the desired shape, individual + 145, 13 cm (5 in) s-~uare sreT-rl:-r-

sheets were successively warmed to approximately 52°C (125°F) and forrr-e-I

an’cur~d a sheet metal form of the desired geometry . To facilitate seoa~--

ation of the prepreg “L” and the metallic form , the form was covered w i t h

a teflon imprepn-.ot-r-d cloth , SX 1O~ 0, prior to the laminate for-ninp oper-

ation . After completion of each spar sub-assembly , the entire assembly

wa: cooled and the prepreg was trimme d to obta in a 3.66 cm ,1.4444 IS ’I

overlap tei~ptIr and a vertical spar heisIt of 8.3 cr-’ (3.25 in). i :-1~ r l

car- ’- was taken to insure that after mating of the two spar sub-ar-sc;--

bile- i , the desired symmetry of the spar laminate wa:- obtained.

The next step was the fabricat ion of the Re1i~a I c-nd 305 i;;:e-i ’ t .

F-sr the  rad ia l  geometries ( concepts “A” and “5”)  the in s er t  w a s

‘v x~-si) n th e  uncured ‘~ I e - ’ - I H I P O i I IV i ’ i nt o  -~~ cv l u i dr i c a i  -c o n e - t i ’ s . t h i s

solid adhes ive  cy linder was then pressed into the approximate radial in-

sert geometry and any excess m a t e - r i - -li trimmed. For I-he trlanfular

-
~ cc -: e:i (co n c e pt s  ~C pC and CC ; : ~~ ) t W5: - r ,e :,-s::jrv to- pre  —cur e the I
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in order to achieve the desired joint configurat ion and dimensions .

Aluminum molds shown in Figure 121 were machined with a V-groove having

an apex ang le equal to that  of the desired insert  geometry and a depth

equal to the corresponding insert depth.  Vent ports were drilled

through the bottom of the mold and aligned with the apex of tile groove

to allow an exit for entrapped air . The most successful results were

achieved by lay ing in uncured strips of adhesive parallel to the sides

of the groove until the groove was slightly overfilled. After curing

all excess material was removed by machining and the insert was cut to

a length of 13 cm ( 5 in). Due to surface contamination resulting from,

the insert-mold contact , it was necessary to treat the insert surfa ce

prior to spar-wingskin  jo in ing . Surface preparation for the  pre-cured

inserts involved the following steps :

1) sand lightly by hand with 4400 grit

2)  rinse several times with acetone until  no residue remains

3) dry in vented oven at 52°C (125°F)

‘4) wrap with one layer of uncured Reliabond 398 adhesive

The final step in the construction of the prepreg spar-wingskin section

was the joining of the two “L-shaped” spar halves , the insert and the

wingskin. The insert was placed at the center of the top surface of the

wingskin prepreg laminate with the insert axis perpendicular to the side

of greatest length of the laminate and parallel to the principal lamina te

direction (Figure 122). The two “L-shaped” spar halves were joined

along the spar centerl ine , centered over the wingskin and insert , and

pressed into position . The spar-wingskin section was then ready to be
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Figure 121 : Aluminum insert Molds
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placed in the elastorneric tool and cured.

C . 2  Elastomeric Tooling

The elas tomeric tooling employed consis ted of t 5 -o , h o l lL -w , sili-

cone rubber bladders encased in an aluminum box . The t u n e e of t:e

tool was threefold : 1) the bladders supported the  spar r e rp en d cclar- to

the w in g s k i n ;  2)  the  bladders acted as molds to form t i e  overlap to the

intended geometry ; and ( 3 )  the bladders were in f l a t ed  to provide a semi -

uniform pressure over the entire laminate. The tool used was a modified

version of an elastomeric tool supp lied by the Air Force Flight tynarrics

Laboratory (AFFDL ) and is shown in Fi gure 123. A schematic  of the  tool

showing all major  components is shown in Fi gure 1244 .

For each concept , a set of silicone bladders were fabricated

such that when p laced in the containment vessel they formed a mold con-

forming to the silhouette of the intended geometry . Construction of the

bladders was a multistep process. The mold matching the shape of the de-

sired blaader was created by the void obtained when a dummy specimen of

appropriate dimensions was placed in the aluminum box. A pressurization

port , consisting of a 0 .64  cm ( 0 . 2 5  in)  0 .D .  steel tube w i t h  two washers

brazed normal to the axis of the tub e at distances of 5.1 cm (2.0 in)

and 6.44 cm (2.5 in) from one end was placed through one side of the box

with the washers on the inside surface of the mold . It was necessary to

acid etch each port tube to ensure a good silicone-steel bond . To create

the void at the center of the bladder , a styrofoam block was cut such

that when p laced in the mold , there was a 1.3 cm ( 0 . 5  i n )  clearance , he-
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tween block and mold , on all sides . To reduce stress concent ra t ions  on

the inside surfaces of the bladder , all edges of the styrofoam bloci-

were rounded and a groove was placed where the edge of the innermost

port washer met the block . With the styrofoam bloc;, centered in the

mold and pressed over the portion of the port tube extending from the

innermost washer , the bladder mold was complete and the bladder could

be cast .  The ma terial used for casting of the bladder was Dow Corning

siiastic
R 
J RTV moldmaking rubber. Initially, only the bottom portion

of the mold was f i l l ed .  This was allowed to cure and thereby provided

an anchor for the styrofoam . Following the final casting and complete

cur e of the bladder , the silicone-styrofoam block was heated to 177°C

(350°F)  for three hours to melt and consolidate the stvrofoar- yielding

the desired hollow bladder. Any defects  or surface  imper fec t ions  in

the bladder were then repaired with Dow Corning 732 adhesive . Witi the

hollow bladders placed in the aluminum box , the elastorneric tool was

comp leted and sample processing begun .

C.3 Material Processing

Tollowing placement of the prepreg spar-wingskin laminate in

the elastomeric tool , the laminate was cured in a conventional oven

with pressure applied by inflation of the bladders with compressed

nitrogen . Prior to placement in the tooling , all surfaces of the speci-

men were covered w i t h  tef lon impregnated cloth , TX 10~40, and all tool

surfaces treated with a mold release agent. Two layers of fibergla~~

cloth were placed between the lower wingskin and the steel caul plate
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(F ’ idurc- 1244) to act as resin bleeders . A lt e r  i n s e r t i o n  of the prepreg

specimen in the tool , sheets of silicone rubber were p laced whe;--e- needed

(Figure l2~4) to achieve the desired surface contours . The alumina::. h-ox

was then ful ly assembled , p laced in the oven , and pressure connections

secured. A thermocouple was placed at the center of the top of the spar

and was used to moni tor  sample temperature throughout the cure cycle.

Figure 125 is a representative plot of specimen temperature v e r su s  t i m e

dum p cure . The recommended cure cycle was employed and is present--

in Table 13.

In addition to the above t-r-o-ce :sInp , the first two sample: pro-

cess ed employed a winipstir, prebleed step c-n or to the joining of tie

spar , insert and w’Lngskin . To prebiee -1 the wcnpso:n , the amour-ed lan.-

m ate was vacuum bagged as indicated in Fi gure 126 and heated to assrcx-

imateli 93°C (250°F) under a minimum vacuum of 50 cm (25 in) of rc-er:urv .

Temperature was maintained for one hour  and then the sample was cooled.

Althoug :i t:a - :- process is necessary for very i ar r t  laminate: F

resin contont , i t  was deemed unnece :s an ’,- for the  i smir ,  ate : use.d i n  t:iis

4 
r e se ar c h  and ~~~; - con-~ - ~u--ntly d i s c o n t in u e d beg inning w i t : ,  The prc-c€csinr

of the Third sr - ar - w i n ,-:,~ in s e c ti o n .

Processing of the- : r-ecured inserts was the same as th~~ given in

Table 13 with ti - exception that the entire mold was va:uuc barr’s-i arid

held at a m iriirnc: , of 64 cm (25 in) of mercury throul-r~ out th e- cur-~. Also.

the -u - r u ed pressure in steps 2 and 44 was altered to a~ -~~’ kFa (~~3 ps i ).
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- ‘Pa: Th 13: Grap h i t e - E poxy Cure Cycle

AS 3501—6 CURE CYCLE FOR ELASTOMERIC T O O L I N G

- 1. heat at a rate of 2-3°C/mm (3—5°F/mm ) to a temperature of 13[- + 3~ C

( 275 ‘~ 5°F).

2. A pply a pressure of 690 + 35 kPa (100 
~ 

5 psi) at 135 + 3°C

(275 + 5°F).

- - 3. iieat at a rate of 2-3°C/mm (3—5°F/mm ) to a temperature of 175 :
(350 -s- 5°F).

4. hold at 690 + 35 kPa (100 i- 5 psi) and (175 + 3°C (350 i- 5°F) for

120 -1’ 5 minutes.

5. Cool to a maximum of 65°C ( 1 5 0 ° F )  in a minimum of 440 minute:.

- 6. Pe~ euce pressure .

7. Pemuve tooling from oven.
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1— Aluminum processim-~ pla te
2— Vacuum hag sealer (Tack y Tape )

3— Coraprene cord dam material;must encircle
lamina he-

• 4— Peel ply cloth;onc piece on each side of
lamb s Le

5— Prepreg laminate
6— Porous tc’f1ori-impre-~nated cloth (TX1O4O)

7— 181 g lass  c l o t h ; o n e  p l y  of b leeder  fo r
every four plies of larru note

8— Clear teflon fiunt;perforated (1 hole/in2)

9— Vent  c l o t h:  181 g l a s s  c lo th

10— Vacuum bag m a t e r i a l

Figure .125: i - sl lee- d Voseus. Pag S:se :n-3 t i c
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C.44 Fiber Volume Fraction

Chemical mat r ix  di gested was used to deter rl lne the fiber vc1~e:r,.

f rac t ion  of the w in p ;k i n  l a m i n a t e .  Af t e r  specimen tes t ing , a 2 . 5  cm

(1 in) square section of the wingskin was taken and treated - -.-ith is i tri o

acid as outlined in Table 144 and fiber volume fraction data was deter-

mined. Assuming the following constituent properties:

matrix densmty 
~m 

0.0457 lb/in
3

fiber density 0.0651 lb/in
3

by obtaining the fiber weight , W
f , and matrix weight , ‘ - ‘ 

, for a

given samp le volume from the di gestion process; the fil’-- r volume frac-

tion is

e f /P
V

f 
= 

~,J W
f in

— +  —

P f ~m

where = volume of the :th 
component for a given sample.

Pesuits indicated an average f i b e r  volume fraction of 0.68 for all

specimen: tested.

C .5 Test Procc.’-ture

Following the join t processing,  the 12 x 30 cm (5 x 12 i n)

:par-w ,inp -kin unit was machined into four 2.544 x3Q cm (1.00 ~ 12 in)

- a . .  - - ‘ -
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‘ i sUle 144: Fiber Volume Fraction by Chemical Matrix Diges tion H

FIBER VOLU MP FRACTI ON BY CHEMICAL ~A H - ih-~ DIGESTION

1. Take a 2.5 cm (1 in) s-:uare sample , and wei gh i t .  Also wei gh a dry

Buchner funnel with filter.

2. Experimental set-up should be in a vented hood. Put on rubber cloves

and goggles , and turn on the hood fan . Place the samp le in a 44 00 m9,

beaker and pour in 200 uii of n i t r i c  acid;  (use glass s t i r r ing  rod for

pouring a c i d) .  Heat the beaker wi th  a bunsen burner u r t i l  acid

fumes--avoid L o i l r r g ’ . Sample should v i sib l y d i s in tegra te  leaving

h a i r - l i k e  f i b e r ’ ~- ;  t h i s  should take abou t  20 m m .

3. Insert the f unne l  into a large flask a’tached to a vacuum

Transfer (w a s h )  the acid and fibers into the funnel , and turn on the

vacuum r ump . Wash the fibers three times with 20 ~~ ni tric acid and

then follow with a water wash.

44. Remove the funnel and fir-er’s , and dry in an oven at 100°C for at

least 90 minutes. Break up fibers occasionally wi th a glass rod to

= facilitate drying. Remove and let cool in dessic-ster. We igit funnel

and fibers .
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test 5~~ C C i I 5 C f l S  us ing  a precision diamond saw . Each specimen W a - ,. meu -

sur e -cl and average d imens ions  are shown in FIgure 127 . Specimens were

then  i nst r u m e n t e d  w i t h  precision s t r a i n  gages (micro-measurement  s t r a i n

gage EA-06-125AC-350)  app lied at half and quarter-span points as iradi -

ca-ted in Fi gure 6. The test span for a g iven scec irr en was random ex-

cept that  specimens obtained from a si n gl e  processing cycle were to - tec

at d i ff e r e n t  span lengths . In this way , the influence of any process irs :

variat ions on jo in t  behavior could be min imized .

An Instron model TTC s ta t ic  test ing machine , e a u i rr e d  wi th  a

test rig shown schematically in Figure 6, was utilized for all test:.

As pictured in F i su r e  128 , the actual test ri g consisted of wed ge ac-

tier grips p laced 5.7 cm (2.25 in) from the base of the spar applying

a tensile load to the j o i n t  which  was simp ly supported on two 1.11 cm

( 0 . 44 in )  diameter  steel bars poit ioned symmetrically about the spar .

The span length was easily adjusted and was mainta ined at a length of

C 9.14 ( 3 . 6 ) ,  15.24 ( 6 . 0 ) ,  20 .32  ( 9 . 0 )  and 25. 4-2 cm (10.0 in) i t - oge

hor i zontal sr-acer bars . A constant crosshead velocity of 0.25 cm/mm .

(0.1 in / I t  i n )  was maintained throug hout all tests. Load data was re-

-

‘ 
corded continually throughout the test us ing  the test machine ’s str i p

chart recorder , and strain data was taken at 5 k g (11 lb) load inter-

val :  oning a Datran II s train indicator . Crack i nit i a t i o n  and propa-

gation was noted by v isua l  inspec t ion  dun n: the loadin . Ultimat~

load was taken as the  max .imu” a load achieved before ca tas t rophic  f a i l -

ure and does not necessarily correspond to the load at f i rs t  fa i lure

or crack initiation .
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Figure 128: Instron Test Apparatus
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C .6  Test Specimen Results 
p

A total of 52 test specimens were fabricated throughout the ex-

perirnen-tal analysis . Of these , eight specimens were discarded due to

the application of insufficient pressure dux ing the cure cycle . Four

more specimens were tested but not recorded due to improper , insert sur-

face preparation resulting in complete insert debonding prior to test-

ing . All pertinent information for the remaining 40 samp les is shown in

Table 15.

As noted in the comment column of Table 15, some wingskin warp-

age was noted for samples 1-1 through 1-4. This occurred due to move-

ment of the caul plate suppor ts (Figure 1244 ) allowing caul plate , and

consequently the  skin , to warp when pressure was app lied during the

cure . These samples were tested , w i t h  special care taken , to insure

that all wingskin warpage was outside of the test span l eng th .

The fourth cure cycle (samples 4-1 to 14~~4)  uti liz e-i the sili-

cone bladders fabricated for concept “C” and an uncured insert . Upon

pressurization , the bladders were forced into a radial geometry match-

ing that of concept “B” and the resul t ing samp les were tested as such .

Following this resul t , all triangular inserts were necessarily pre-

cured.

The precured triangular inserts used in the fabrication of sam-

ples 12-1, 2 , 3 and 14 were made in two steps . The first insert cured

for these samples had the proper triangular cross-section except the

apex was rounded off. This  defective insert was then sand ed , cleaned
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Table 15 : Test Specimen Summary

CONCEPT LENCIH GENERAL COMM [NC’t

(in) (psi)

1-1 A 10.0 236 Radius 0.25 inches
1-2 A 8.0 33’4 Wingskin prebled
1—3 A 6.0 398 Some skin warpage
1—4 A 3.6 646

2—1 A 3.6 523 Radius 0.25 inches
2—2 A 6.0 361 Wingskin prebled
2— 3 A 8.0 292
2-4 A 10.0 231

3-1 A 10.0 183 Radius 0.25 inches
3—2 A 8.0 225 0.4% moisture content
3-3 A 6.0 336
3-4 A 3.6 306

4-1 B 8.0 282 Radius = 0.44 inches
4-2 B 6.0 1486 Concept “C” bladders
4—3 B 3.6 037 used -

4—4 B 10.0 221

6-1 13 3.6 886 Radius O.’414 inches
6—2 B 6.0 487
6—3 B 8.0 314’4
6—4 B 10.0 241

9—1 B 3.6 822 Radius 0.441 in :hes
9—2 B 6.0 465
9—3 B 8.0 307
9—4 B 10.0 230

10—1 C 10.0 202 Precured insert
10—2 C 8.0 230
10-3 C 6.0 266
10—4 C 3.6 338

11—1 C 3.6 300 Precured insert
11-2 C 5.0 183
11— 3 C 8.0 169
111—4 C 10.0 137

12—1 0 3.6 450 Two p iece j-rccuned
12—2 D 6.0 352 insert
12— 3 D 8.0 2f- ]=
12— 44 D 10.0 188

0 3. ~ - 373 Pi’ -ci,i’cd in a-~’t
13-2 0 6 .0  250
l~ —3 0 8.0

0 10.0 1114
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F-
covered with several adhit ion layers sf adhesive , and cur-oh a second

time . The resulting. insert matched the- -desired cross—section and was

utilized in the twelfth srar-wi rs -’skin fabrication .

Althoug h samples 3-1 through d-4 exhibited load-strain responses

similar to those for previously tested concept A C specimens , the ulti-

mate load values were somewhat inferior . due to the time span between

fabrication and testing , and the local atmospheric conditions , the speci-

men moisture content was indicated a: a probable cause for the ultisato

load discrepancy . Consequently, the sample was heated to 120°C (250°F~

in a vented oven for 2’4 hours with weight measurements taken every 12

hours . Assuming that the total weight loss equaled the moisture con-

tent , a moisture content of 0.4C by weight was determined .
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