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A finite element analysis was made and found in excellent
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ABSTRACT

An experimental and computational analysis was made of

the strain field around a reinforced circular hole in four
HMF330/34 graphite/epoxy panels under uniaxial tensile loading.
The basic panel was a 10.0x26.0 in. eight ply, quasi-isotropic
0/+£45/90 s cloth laminate. Each panel was reinforced during
manufacturing by co-curing two circular plies of the same
material to eaqh side of the panel. A circular one inch hole
was drilled concentrically through the laminate to provide

a stress concentration. Four different reinforcement geometries
were used: a combination of [#45,...]Jg5 or D,90,...] g additicnal
plies with the total reinforcement volume equalling 163 or 203%
of the removed hole volume. A prior investigation of similar,
but asymmetrically reinforced panels demonstrated only a 5 to
12% improvement in ultimate strength compared to an unreinforced
panel. The symmetric reinforcement reported here provided an

improvement of 29 to 40%. A finite element analysis was made

and found to be in excellent agreement with the experimental

results.
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In *he 1930°'s high modilus, advanc2d composite materials
are seeing more use in aerospace structural apoplica+<ions
than ever before. Their superiorisy £> “he metals *“hey
replace has been well document2d., Hqowaver, un+til quite
racently desigyners have bzen reluctan* %o uss “he mes=
valuable characteristic of laminat23l compositi=as: +hei:
directional proper+ies. When faced wi:h +«ypical design
unknowns, the choice is usually to taks a weigh® penal“y aril
add addi+ional lamina%*e plies. This alied weigh% can be
very costly in some applications; s-her me+hocds mus* be
sought if composites are to fulfill th2ir potantial,

Advanced composite materials, carbhan/epoxy (C/Ep) ard
graphite/epoxy (G/Bp) in particulas, are seeing increased
use in “he production of aircraft, mzissilas and space vehi-
clas primarily due to advantages ia weight, s*iffress and
the:mal'properties. A few hundred pounds of saved weigh=~ ir
a commercial airliner or military “aceical je* can h»e wor*h
millions c¢f dollars in reduced lifa2-cyzle cost. Addi:icnal
weight reductions are possible by using the direc%icnal
proper+ies of composites and by placing z2inforcement prop-
erly at areas 5f stress concentra+isns. This -eport
examines one aspect of using these j2omeiric and directional
properties applied to reinforcing around ~cutouts in G/%p
plates under uniaxial tension.

Difficulties in developmen*, macufactuze and qualisy
control have been the prisary factors respcnsible for +hs
high cost of composites, As point21 out by Delazont= [ Ref.
1], *the decreasing cost of *the compo>si“e prepreg ma*erial is
approaching the increasiny cost of aircraf* grade metals.
The P-18 and AV-8B are examples of £light vehizles with

12




significant percentages of primary structure fabricat2d f-om
coaposites, The decrease in overall waigh* and increase in
performance and life-cycls savings offset their higher
initial cost. A significant further w2ight saviag, aven in
thase aircraft, could havse been aczoaplished with a more
agressive design. 1I%t will take a nambsr of years ard, no
doubt, a few mistakes to fully utiliz2 coampesita materials!
potential, The Army's Advanced Coaposita Airframe Prograa
(ACAP) is an example of advanced d23ign with compesites,
W2ll over 90% of the primary and s2sondary s=ructure of =he
+wo currtent competing designs are 2ither Kavlar, fiberglass
or carbon/graphite composites [Ref. 2 & 3].

Ontil recantly *he majori*y of appiications of compos-
ites has been limited to those in which thz lamina+e
properties cldsely resembls those of hamogen=2cus, isotrepic
materials such as me+tals, Simple g2ometric designs
utilizing quasi-isotropic laminatas have been prefzrrei,
according *o rsai Ref., 4], because thay are easier %o
urnderstand and their behavior is easiar to predic+ *han *ha*
of directionally oriented compositas., Th2 inabilisy +o
accurately pradict every loading coadition has made desigrs
very conservative. These safety consileratisns have
rasulted in an overdesign 5f parts in sz3der “o juarantsze
adequate strength under "unpredictable" ci-cumstances [Ref.
5¢& 6].

In aircraft constructisn it has always bzen necessary %o
have holes and cutduts in load carryiny structure. An
aircraf: wing spar, for example, ra2juires access holes for
control rods, fuel lines, and electrical wiring. T pr
er

r
L]

"
n

'L
=

'3 4
(=
(]

ence of these stress concantrators raquires that ei
entire member be designed accept the iicrease in lcecal

stress or that reinforcaamsnt be appliel around the areas
experiencing highar stress. The first method requires an
excessive increase irn weight, the 322024, mors sxpensive and
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+ime-consuaing analysis ani manufacturing *echnigues. This
report oxaminas +he effact of -einforcing around 2 hels +o
reduce *he local stress. In applications where light waigh+
and high strength are required at ssm2 cost in ease of manu-
facture, this seems to be 1 promisiny avenue of research.

A. RECENT RESEARCH

trs
concentrations in composite materials was reviewed lit+1l=

Wher +*he current ressarch into tha2 effacets o>f

D
n

s

(V)]

could be found in the area of reinforcament 2€ holas or
cutouts., There are, hovevar, a number of related resports
covaring the affect of loaled and unlosaded holas in
composite platss.

Several studies by Rowlands, Daniels and Whi:esida
{Rafs. 7-9] have found that the manner of diffusion of
s*rain around a hole in a composit2 panal was dapenden+t on
tha material s>roperties of the lamiaat2. It was noted *hat
+he nondimensional hcle-diame+ter-to-panel-wid*h ratio (d/b)
di1 not affect tha maximum value of the stress concertration
factor (SCP), but i+ dil affect +th: slope of “he stress
gradient near the hole. Smaller d/b ratizs have higher
stress gradients close to the hole. The effect o5f ¢he
stress concentra*ion dies off more rapidly wi%h Jdecreasing
hole size. The laminate's stacking sejuence was found *o
have a major effect on th2 diffusion of stress around a
cutout in a or*thotropic panel. Konish [Ref.10) alsoc no%ed
tha* the SCP for a quasi-isotropic aatarial was approxi-
mately three; however, he states that SCF is not an adaquate
measure of strength of a composite lamina“e containing a
circular cutout. He pointed out that for a lamiaate wiskh
plies only in the directisn of the applied load the
theoretical SCP approached seven. Purther ha states +ha*
the strength 5f a composites plate with a hole appears *o be

......................
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related *o the “in-plane 2lastic sirass wi¢hin a region
adjacen* to the hole boundary®.

The hole-3size effect is also discussed by Daniel, e* al
[(Ref. 7], and waddoups, 2¢ al [Ref., 11]). They show tha« 2
hole diameter of 1.0 inch in a pan2l with dimensicns o
produce d/b of less *han 0.4 reduces the SCP in compcsites,
This reduction is somevhat misleadingy because it comas €-om
increasing tha far field stress rather than reducing stress
next to the cutout. Smallar holes increass the SCP, whils
larger holes increase the 4/b ratis which reduces the acea
over wvhich the stress can diffuse arsund the hole, <hus
reducing *he SCP.

Due *o their inherently bri¢tls naturs advancad comoss-
ites tend to be highly sensitive ¢> stress raisers. They
have demons+*mted, howevar, higher thaz presdict2d ultima%e
strength. This is generally attributal to 1oad sransfer
amoung fibers during strain induced failure and in“erlaminac
shear behavior. 3arbo states [Ref. 12] tha* his panel

rengths wer2 25 to 50% higher “han theoretical stress
concentrations would indizate., PFor other than uniaxial
loads failure was shcewn to initiata 3t locations away €-om
peak stress conceatrationz, He stated "“,...lamipate f2ilure
is predicted by coaparing 2lastic strass 3istributions wit
material failure criteria 5n a ply-by-ply basis at a charac-
teristic dimension awvay from the hosle boundary." Whisney
(Ref, 13] discusses the characteristic dis<ance (do) which
is “he distance away from the discontinuity whare the
strength is ejual to tha*t 5f the uand>4chad panel. This
distance is sufficient to contain an "inherens flaw" in “he
material wvhera failure can initiate; and -~herafore, “he
concept of predicting the strength 5f 1 brittls material a*
a singls point sesas questionable. A study by Bailie, 2%t al
[Ref. 1), showved that strain gages na3ar a hole dsmonstrated
nonlinear responses a* 80% of the failure stress which vera
associated vith "highly localized fibar and resin damage".
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The inheren* nonhomogeneity (actingy somawha: liks flaws
in metal) of multi-directional ccamposize laminates sugges<s

to Kinm (Ref. 15] that *he first ply failure (PPP) is d2pan-
dent on the +ype laainate, material propertizs, 2nd rasiiual
stresses within the laminate. Praeaaturs FPF can be caused
by zesidual stresses remaining froam th: curing process, ba-
+h2 FPP does 15t lead imma2diately -5 panel failure. The
ultimate panel failure is invariably praceded by “ha failure
of weakar pliess, plies orianted in th2 directian.of 1024,
and interlaminar 1oad transfer when possible.

The reirnforcement of notches in composit? panels by *he
us2 of G/Ep rings has been investigated by McKinzisz [Ref.
16]. Some of the problems associat2l with asyaam2+ric reirn-
forcement 2nd separate curing of panels and ceinforcemen*s
wvere discussel, Whitesids, Rowlards and Dani2l [Ref. 7]
investigated the benefits of differant materials, lay-ups,
panel *hichness, and compared affects 2f circular *o 21llipic
holes as well as the effects of holz2 21g2 roughna2ss. The
actual unee of reiaforceman® was not s=udiad; hovwever, they
shoved “hat doubling of thicknasses for panels with holes
produced improvements of only 20% ia szrength sver single
*hickness panels. A study of the 2ffacts of asyamatric (one
side only) reinforcement of panels with cu“outs under
tension was msade by O'Neill [Ref. 17]. His work led
direc*ly to *+his study, and will b2 iiscussed balow.
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II. QBJECIIVES AND SCOPE

The objective of this investigation was to dz2+4eraine +h»
benefits of symmetric reinforcement >f a quasi-iso*+repic
G/Bp panel containing a stress conc2antration dua “o5 a
drilled circular hole, This study was sugges<ad as a
continuation of an investigation of asymmeccic rainforcensent
of the same type panels by O'Neill [{Ref. 17]). 1Initially,
asymmet-ic reinforcement was consilarsi desirabls from *he
point of view 5f the ease of manufactur2., Rzinforcing czly
one side of the panel ci-cumvents some problems in matirng i+
to other parts and allows manufacturiny (layup) >f pan2ls on
flat me+tal shaets, The streng*h of *hs asymm2trically rein-
forced, notched ranel was found *o b2 snly S +> 12% greater
than that of a similar but unreinfsrced panel. This small
improvement, in light of ¢the small sample siz2 and possible
experimental error, may represent vary little actual
inprovenent. Certainly, based on any cost (of manufacture)
+0 benefit ratio, there was no iaprovaaent., Th2 concep*: of
cutout reinforcement was narroved t> symme:tric (bo+th siges
of a panel) by O'Neill.

FProm the standpoint of weight, 2 r2inforc2msnt should he
a small percentage of the component's “otal weigh«. 1A good
measure of weight reduction is the ratio of reinforced ¢»
unreinforced oanel veight for *he same stress (or s+rain)
concentration around a cutout. Obvisusly 234ing addi*icnal
plies over th2 whole surface will incr2ase tha area over
vhich the load must act and reduce average strass. This,
hovever, puts a 1ot of material whare it is act needed. By
ss]lactively aiding material around the ¢he hole stress
should be reduced with only a small increase in weigh«,

This approach vounld sees t> have mari: caly if there is




significant stress reduc*tion, due :5 %*he increase in marnu-
facturing and quality assurance costs. Any coapetictivs

;1 dasign must satisfy the scrutiny of a cost/benefi+ analysis.
@ O'Neill attributed asymmetric ra2inforcament's small
Q2 effectiveness 0 possible delamination near the ul+ima+e

load due *o0 induced curvature (Ref. 17: pp 93-4). He fcund
significart differences between front and back surface

fg strains close to the notch, indicating tha* “he panels

. deflec: away from the rasinforced siis at *he hdle, The

' teinforced side being stiffer than th2 unceinforced (back)

P, side caused this bowing of the panal. The st-ess grailient

5% through the thickness of "he panel at “he edge ¢cf =he hole
. vas from high tensile stress on tha back sids ¢5 lower

A' t2nsile stress on the reinforca2d4 siia, This induced arn

:‘ addi+ional interlaminar shaar superiaposed over tha+

% expacted due %95 differing adfacen: ply orisntations.

» To avoid the induced curvatura and associated prematur2

dslamination problem, symmetry was rzcommendsd. Symmetry
for this investigatior was achieved by co-curing identical
reinforcements on both siias of th2 pana2ls. Subme=ging <ha
r2inforcenent layars below layers >f th2 laminate %o gain
syametry was considered, but the ailad problsms o€ verifving

. -.." ‘—w

‘Q the reinforceaent ply orisntation and the curvature of +¢he
o

‘5 outer layers dver the reinforcemzents caused rejaction of
:; this option i1 favor *he "wedding cake" geome“ry.

;j A. PANEL REINFORCENENT CONFIGURATION

b/

gi This investigation considered four configuratiors of

¢; reinforcement. These circular reinforcements consist24d of
o twvo small, circular, concentric plies alded %o each side cf
Y a basic quasi-isotropic G/Bp panel with a centzally located
- . ona inch diameter hole through the thickness of the panel.
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LA S

X
E The center of the hol: was desiyna<ed th2 axis origin,
~ Tha X axis extends horizontally across ths width c£ +he
: panel; “he Y axis extends vertically upward in *hs direstion )
. of the applied *eonsion. The reinfarcing plies were cen*sred
; on the hole center. Figures 2.1 2ni1 2.2 show thsz cress-
Lo sections of the *+wo> reinforcement co>nfigurations. TIn 2ach
] case *the reinforcemernts consisted >f “wo plies on each siia
; of “he panel. The reinforcing ply azxt 5 the basa panel
s surface had a 1.25 inrch radius, Por Type 1 reinfercemarn:s,
N the outer ply had a 0.75 inch radius, while ths Typz 2 rein-
. forcements hai an outer raldius of 1.J inch. P®ach <ype of ,
5i r2inforcement was manufactured with %wo reinforc2mant ovizn-
X tations: "A" reinforcements were orianta2d $459% £5 +the 1n=z4
‘5 axis, while "B" rainforcea2nts wera orien+tad 0/339, 0'Vv¥=2ill
aralyzed these configurations, but 313 not %Last =han )
g experimen+ally. X
. Computa+isnal and experimental asrthods wace 1sed whickh E
2 closely (if not eoxactly) followed procaduar2s us22 in ‘
N Reference 17. Whare deviations hava occured, thev are no-=el )
,3 and expvlained. This investigation 3id nnt try to reitera<e :
? theoretical and compu*ational analysis pravisusly done, hut
) does referenc2 materials paublished since that study was made
! and elaborates upon areas research21 furthzr. Panel dinen- ,
B sions and construction details are discussed in Section ;
E Iv.A. ‘
Y ;
.
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ITT. COMPUTATIONAL ABALYSIS

The panel laminate was analyiei using both span ard
closed form ma2thods. Staniard lamina“2 analysis using
Tsali's approach [Ref. 4] 3aterminel th2 material propec-+i:zs
of the panel in “he quasi-iso*ropic (far-field) acea 2rd ir
th2 area clecs2 to the hol2 which inzlud2d ¢h2 co-cured r2in-
forcement., A finite elemsnt analysis was mad? 5f sach of
th2 four panels using DIAL, a versatils cs5de developed by
Llockheed Missile 5 Spac2 CTompany (LMSC), Sunayvale, CA [Ref.
18].

A. LANMINATED PLATE ANALYSIS

The material propertiss of cur2d HYP 330/34 gravhite/
epoxy cloth prepreg used in the computational and
experimental analysis are given in lradle I. Tt should be
noted that E1 and B2 refer to the 253uli in the principal
ply direction (1) and 90° to it (20 ia th= ply cocrdinats
system, and that BEx and By refer *5 ths lamina*e cooridi-
nates. The mater-ial proparties of zloth differ markedly
from those of tape 909 to the principal axis due to the
influence of “he crossply (woven) fibars. Even in cloth
material thera is some difference hetween E1 ani E2, prima-
tily deterain2d by the fiber %o matrix ratio and +the weaving
process. Composite cloth prepreg is aot, in i¢s21f, quasi-
isotropic despite the nearly equal a5duli E1 and B2. The
shear modulus (G) is too low; quasi-isotropic properties in
composites are a result of an equal angular 4istribution
ply principal diractions: [0,+45,90]5 o>r {0,t601]s.

The four tes* panels w2re suppli2d by LNSC who also
provided preliminary data on “he matec-ial. Subs=quen+
testing demonstrated “ha+t the cured panels had a sligh+ly
lover modulus (about 9% *han LSMC pr2dic%ed. Tha Initial

Q
h




‘%

L%

_ﬁ

; material properties were ravisad ani subsequently demon-

3 strated excellent correla*ion betw2ar closed and cren €orm

;* analysis and the experimental results. Any =2€ffect cf +t= )
&

o TABLE I

SN material Properties of HIF 330/38 Cloth

Eﬁ Tensio>n EB1: 9.8x106 psi 22: 8.8x106 psi ’
& Compression 21: 8.5x106 psi E2: 8.1x1)6 psi

- Shear G12: 1.0x 10 psi ‘
" Peisson  v12: 0.09 [
]

W differences between tensils and comprassive m2duli was ro<

v taken into consideration. The areas >f comprassiva s*rain

o did lit+le “o cause panel failuve.

-7 The anralysis >f +the basic laminat2 was made using zhe

_f computer program RSQ adap*2d by Sullivan [Ref, 19] from =2 i

. earlier program daveloped by General Dynamics, Fzr+ Wor+h,
The laminate properties ar2 listed in Table II. The charac-
teristics of “he lanminates are apparsnt. It car be seean
tha+t the unreinforced portion (far-£fi213) [0,+45,90]s is
quasi-iso*ropic. This is the 8 ply lamina*te foraming the
basic panel. The other *wo configurations rapr2sent “he
basic panel co>mbined with reinforcaa2ns plies close tc the
cutout. Panels 1 and 2A ([0,90,£45,90]s) hav2 higher
#oduli excep*t in shear. Panels 18 and 2B ([+45,0,:45,90]s)
have equal moduli in +the X and Y diraction bu% are much

LA E NN Yo

()
et
Ll AF 8 W N

_f stiffer in shear. This difference in sh=ar modialus may bz
- sean in the photoelastic photeographs of each panel under
jf stress as vell as the finite element J2n=rat24 con+tours of
S strain in Appendizes A thrsugh D.
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TABLE IT
Material Properties of 'h2 Laaminate

No. of Plieg
Laminate 0,909 4S50
f0,+45,901]s 4 4 7.03 7.03 2.83 0.244 Baze Parnel
(0,90,0,245,901s 8 4 8.06 7.7 2.22 0.154 A" Config,
f+45,0,£45,90)s 4 8 6.00 6.00 3.43 0.354 "3 Coriig,
(Modulus x106 psi)

By 5Ky  vxy Remarks

No+e: Ihe base panel properties zxist everywhsre cn “ho
arel except at the rsinforcemsat arourd *hs cuy*cu-+.
he "A" and "B" configaura*tions are “he propesrties
mmedia“ely nex+ *0 *h2 cutout whace the ra2irforcsment

is +vwo plies thick on each sida.

Because of the discontinuities in material preperties
and laminate *hickness i+ is no* curraantly posssible +o
analyze these panels usiny the clos23 form mathematics
presented by Sarbo and Ogonowski £or oplain pansls wish
circular cutouts [Ref. 12].

B. PINITE ELEMENT ANALYSIS

Experimental tests ars both expsnsive and *ime
consuming. If it can be shown that pan2l reinfsrcement can
be successfully md>deled, ther optinization can be accom-
plished using numerical methods ani only the firal
configuraticns need %o be buil® and validated experimen+-
ally. I+ has been pointed out that zlosed €3rm sclu*iors do
not exist for lamina+ted panels ip thesa reinforced configu-
rations. Pinite element analysis was requirad to predict
th2 panels' rasponse “0o a uniaxial tansile load. A finite
elemen+t anlaysis system ramed DIAL 32va2loped by LSMC
Structures Orginization was used in this analysis.
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DIAL is a gen2ral purpdse *wec- and “hree-dimensicral

finite aelement analysis system. I* consists of z €familv of
independent programs (execua+able md>iulss) called processors.,
The processors read and write to a 3a*+a base established &or
each problem., Th2 processors are =2xescuted irn a lecgical
order and may be rerun individually wizhout rcestar«ina -hs
analysis from the beginning., DIAL's library »~f elemen*<
consists of mlti-order isoparame<riz s0lid and cocrrce-
sponding degenerate curved shell and pla*e elemern=s. The
material library can handla general anise:tropic linear
materials, isotropic elastic-plastiz, nonlinear elas+ic
orthotropic, isotropic iacompressible, etc. An ex

lib-ary of post~-processing rou*tines 2llow for analysisz <f
daveloped data and plottirng in a wiis number »f mcdess., The
xial <2nsion

e
analysis required for a nctched pan2l undar unia
vas relatively simple. Th: panals' g=ometr
gsnerating a "mesh", the material proparties of sach ply
wara spacified, the loaling conditions wsre applied and %he
rasults tabulated and plctted,

1. Einits Element Mesh Generation

A two-dimensional modified *hick shell isoparame*ric
quadrilateral e2lomen* was chosan as “h2 best in *erms of
accuracy and compater tims2 t¢ develop the mesh. The clement
has a node at each of the four cornsrs and one 2n each
element side allowing a parabolic c2pr2sentatizn, This mesh
vas an improved version of the one O

N23ill dzveloped. An
1

‘i] effort was male %> keep th2 interior angles of *he ela2ment
ﬁgf as equal as pd>ssible to increase th2 accuracy. Figurs 3.1
Fiﬂ shows a typical mesh for the panel. Paking advintage of
gg symme+ry, only the upper right quairan+ of each panel was
:Qﬁ modeled. Piqure 3.2 is *h2 mesh clasar *o the cutou=

o

Qj showing the no>de numbering me-hod 2nd “he elemen* modesling.
@
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In order to ircrease tha daansity c€ the mesh wi=hou+
drastically increasing rur *imes nodal degrees of freedonm
vwere reduced. Since the panels wer: symmestric throngh *4he
+hickness, out of plane A2flections (Z direc-ion) were
suppressed. Several test runs d2monstrated that nodal rora-
tion was virtually nil. sSupressiny thsse -c*a*tions reduced
‘run time by about 80%.

2. Material Dgfinition

Material definition follows
+ion. The material propertiass of a singl2 ply o€ G/%p clo=h
ar2 first defined (see Table I). Then *he number of pnliess

h2 me+~hod 5f superposi-

[

and ply orientation for each element is ccmbinsd using
linear laminate +heory. TIhis is don=2 in the DIAL "MATL"
processor. In this panner each elazm2nt 52 +h2 ma2sh may he
assigned specific propertiss.

3. pPost-Pracsssing

Tte pvarabolic isoparametric 2lsament pro
and s+rain reactions at four Gauss points in the elamen=
interior. Th2se points wszre scmewhat 5£f£f <hs true X axis,

A DIAL routins was used “o extrapolat2 values at “h2 Gauss
points to nodes on the X axis (Y=0). Th2 strain field in
each panel was calcula*ed and plott=24 using contocurs of
strain in the X directicn, Y directisns and in shear (2ps-X,
eps-Y and eps-XY). Thas=2 contour ploss are included in
Appendicies A through D, Pigures A.3-11, B.13-15, C.13-15
and D.13-15. Table III lists +the aixismum and nrinimua values
of micro-strain in each panel as calculated by “he €ini<+e
elemen* program. It is interestiny to no<e that %~he mpn
configuration (0,90° reinfsrcement) inducss rela*tively high
shear s+rains. Also, note that +the diffarenca in maximum
tensile s*rain in the Y direc*ion b24waen tha 153% 2n31 206%
reinforced cutouts in both tha "A" and "B" configura*ions is
lass *han 2%.
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TABL® III
Comparison of Finite Element Computed Strair
[

Strain: eps-Y eps-X eps-X{
MIN MAX MIN MAX MIN MAY
Panel 1A 0 3400 -1145 325 -681 3226
Panel 1B 0 357S -155¢9 368 -439 2235
Panel 2aA 0 3335 -1134 317 -875 3150
Panel 2B 0 3525 -1526 360 -uuy 2202

Note: Strain is shown in mic-o-strair (eps x 109)
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IV. EXPERIMENTIAL ANALISIS

o)
S
ﬁt The objectives of ths axpsrimental testing wara *c
is varify analy*ical and compucational -asul¢s. A comparisca
’ could then be mads betwean computa=isral and 2xperimental
o rasulte fcr the syametric and assymatric msthols o€ rein-
E; forcemenat, All foar of *h2 symmezric reinforcement:
‘ﬁi configu-ations analized by the DIAL f£iai“z elamane progran
' were experimeitally tes*ed,
%
,:; A. PANEL SELECTION AND CONSTRUCTION
L
> The basic panel dimensions and layup wer=2 replicas cof
;k *he pansls *ested or analyzed by O'N2:ill [Ref. 17: p S61].
;ﬁ The dimensions are shown in Pigure 4.1. The layuo of %k=
;;; ) basic panel consis*ed of 2igh+¢ layars >f HMP 330/34 gravhits
T epoxy cloth. The orientations of th2 plias was [0/:45/90)s,
| 5 *o produce a thin, high streng*h panel wi:h guasi-iso:rovic
} properties, The panel iimansions (thizkness, lshgth anAi
i viith) and hols size were chosen s> as tc be “he same oxder
. of magni*ude 2s an actual airframe ccmponsnt. The rein-
:Sg forcement plias were of *ha same matarial, and ware co-cured
2; along with th2 basic panels during azanufacture. This was
il done in lieu of -einforcing a cursi spacimen in order to

. avoid bonding problems and the possibilisy of non-uniform
Y curing of the reinforcemernt plies. A %951led surcface was
necessary during the manufacture ¢f tha panels *o allow “he
placement of the reinforc2aent on ths undersida of the

-,

i panel, A flat st2el plat2 was machined %2 the required
{3' depth and geometry. This method produced a2 pan2) with a
%ﬁj spooth (plate side) surface on one sida and a rougher (bag
-53 side) surface on “he other. The diasnsions 5% the
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reinforcements were cut into *he stasl plate 2* righ+ anglss
irto *he surface (see Pigs. 2.1 anil 2.2).

B. TEST APPARATUS AND PROCEDURES

The testing procedures and 2quipma2nt setup ware designed
to produce the saze conditions used in 0'Neill's tes+ts of
the asymmetrically reinforsed panals. One di“€farence in
testing was the use of a pho*toelastic plastic coating on on2
side of *he panel. The panels wer2 2ll locad2d4 in the <tes<+
machine belcw th2 level of any €ibar failure for several
repetitions in order to *ake pralizinary data and experiment
with the pho%*delastic material measuring precedures. h
rumber of loading cycles in each cas2 was less :=han “en,
vell below the nuaber which might caus2 any fa:igue danmage.

e |
D

1. Apparatus

A Riehle PS 300 *#2st machines was used 5 apply
uniaxial +tension to each panel. P> 1istzibute the loail
across *he wilth 5f the panel's top aad boittom a "whiffle
trea" attachmant device was used, Th2 devics was desigred
and built by O'Neill and was used in an iden ical manner
(csee Pig. 4.3).

The test panels w2re bol“el +o “he whiffle +ree and
then saecured in *he Riehl2a's “ansisn jaws. Eight belts
torqued to 100 ia-1bse hell the platas :o the pansls, aaAd
four bolts transfarred tha load froa *he whiffle <ree “¢ the
plates. The whiffle trae was desiyn2d to withstand 100,000
lbs load in order to *est the unnotched panel during the
asyamet-ic testing. The unnotched saapls was sxpected +o
fail at arounl 67,000 lbs and actually failed a+ 65,000 lbs
alloving for greater than S0% safa:y margin. The a“tachment
device vas constructed using 4130 Staal, and all +he bolts
were high s*rang*h, close tolerance steel bholts.

32




Pigure 4.2 Test Apparatus.
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2. Instrymentation

Twe metheds of a~quiring s<raiir data from “kz <es=

| RISV Y SN

vanels vere used., Strain gages wer2 appliz2d *+> ore sije of
+he panel and contourable phon<oelastic plastic was bonded %o
+he othaer., 1I* was thought *hat *h2 reiundancy 5f 32a%a
obtained woull provide a cross~chezk “o verify “he resul:s,
The photoelastic coa+ing would also provide photograrghic
evidence of the strain distribu<ion around the cu=ou-=.

a. Strain Gages

Vishay Micro-M2asurements 120, 359 and 5000 2im
strain gages were used *o measure the s=rain a* points of
interes+, O'Neill's study showed “ha* asymm=24Tic -einforce-
m2nt configurations had induced curvazure near “he hols,
vith a resultan% strain gradieat *hrough “he *hickness. For
+his study, since both ths base panals ard “he reinforce-
ments vwere syame*ric thersz were no ou:-of-plane deflectinns,
and strain was constant through th2 thickazss at any poin<,
Thus strain gages could b2 applied 2 only ornsz side cf *<hk=
panel without loss of da*«2,

Strain gages ware conc2ntrated along the X axis,
(perpendicular to the loa2ad direc+is’>n), primarily oriented in
“he load direction (see Figs. A-D.1 2nd Tables VI-IX in “he
appendicies). Small strain gages (J.03 in. along a sids)
having 5,000 oha resistance were plac21 closest to +tha hole
and on the reinforcenent layers. Th2 5,000 2hm gages were
ctosen to minimize problems due +*o self-heating and apparan+
strain drift. Sullivan discusses this phanomena in his
study of platas under compressive loading [Ref., 21). The
small gage length was chosen because the overall error f£or
integrating strain gradient is proportional %o the gage's
length. Reference 22 discusses methods of m2asuring high
strain gradieats around stress conzsnira*ions and the errors
vhich may occur.

h{
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Attachment Device with Panel 1A.

Tension

Pigure 4.3
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The number of gages, th2iz type ani locaticr
varied wi+h each panel. As exparisace was gained frcm *h2
preceding panels, the best location and type gags was sough-®
for the straia distribution and laazina“~2 layup.
S-andardization of strain gage locitions among the panels
wvas not used lue to5 4differan+ veinfsrcament sizes and lavup.
A close approximations of jage locations was at-zmptsd *o
facilitate comparison of data. Th2 iaformation f27 each
panel gage layou* is given in Tablas VI-IX, ard Figurss
A-D.1, in the appropriat 2 appendix.

b. Strain Gage M231sursments

A Vishay Measuremen“s 3-o5up Sys*tzsm %000 was used
for s+rain gage scanning, 1ata recoriing and =-=24ucticn. The
system consisted >f a Hewla+t+-Packard 3825T 32sktop ccaputer
with a controlling softwars program, and £ive Vishay
Measurements Sroup Model 4270 Strain Sags Scannars mcuan==43
in parallel rasulting in 2 one hunired channel capabilisy
(s2e Pig. 4.2). Th2 sys*2m was uas2i1 with autcmatic tempera-
ture compensation channels for the iifZaerant “ypes of s+rain
gages. Chann2l assignment and gag2 fac4ors £or all the
gages were initialized, and all rossa2ttes designated. The
system recordad and reduc=4 all data when comzanded. I+ is
capable of automatic (at sat time Iatervals) data recording,
but tha* feature was not u*ilized f£sr +his axperiment,
Instead, data was taken on command a+t fixed load intervals.

c. Photoslastic Coatiag

Due to tte reinforcemeat gaom?try arcund the
hole it was nacessary t5 ase a con:>urabla photdelastic
coa*ing. Its thickness was chosen t5> 3ive a 3004 color
definjition anl not significan+«ly add %5 <he reinforcament.
The material has a ncaminal modulus of 420,000 psi. The
procedures specified by “h2 manufactarar €or ~asting and
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N applicaticn were followed °~Ref. 23]. Th2 thickness of *h=

_gf photoelastic coa*ing was kert ¢» a ainimsum %o prevsrn< ary

(.‘ significant reinforcement to the coaposite ma+2rial, Th=

j%: first two par2ls, 1A and 2A, received cca*ings aporoxi-

7 metely 0.080 in. thick, ~hile “he last two panmels' coatings

E& were reduced to 0.060 in. as the 2xparimenters' abilities
increased with experience. The phitoelastic plates wvers

ift bonded to the panels with a2 reflectivs, =2poxy -Tue.

[[a* "

g? d. Photoelastic Measurement Eguipmen+*

SN

. A Photoelastic Reflectiva Polaciscane, Moo=l

j%%' 030, from Photoelastic Inc. was us23 *5 make strain measurs:-

C{: men* from the pho*toelastic coating. Thes Basic Anralyzer,

;%' Model 031, consists of tw> ball bearing moun<ed

s Polarizer-Quarter Wave Plate Assembli2s a+tachsd %*c a common

;i frame, and mecharically connec*24 s> as <o rotate in unisen.

TES The asseomkly was equipped to receiva the (polarized) ligh+

i source and acsessories for measuren2n:s of s-rain (ses

s Figure 3.7). The Basic Analyzer m2asures thr==2 majecr piaces

ol .

N of data:

53} 1. The direc*ions of the principal s*rains o5- s%rass,

": 2. The magni+tude and sign of ths tangen*tial s+tress a*

3;: f-ee boundaries, or in any regisa of uniaxial stress

f; condition.

= 3. The magni+ude of *he differzace of the principal

jif strains.

,5% In ordsr +o s2parate “ha priacipal strains, an

2% Oblique Incidence Adapter, Model 033, was us2d. The Obligue

ijf Incidence Adapter attached dicectly to *he Basic Analyzer.

Zxﬁ With the “#wo measurements obtained (rormal and oblique inci-

;ég dence) and +*h2 twd> unknown principal straips, +h2 eguatizas

:;5 can be solved for principal s¢rains as is detailed in
Reference 24,

f;' 37
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ion Polariscope.
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four panels are outlined below. Th=2s2 w2re ider

3. Tes*: Procedures

The procadures usei *to obtain data €2z gach oL *+hs

those used in the asymmetric panel t2s*ting with “he excep-

tion of the photoelastic procedures.

1. The whiffle trees ware attach2d4 “o0 th2 panel to be
tested. The upper whiffle tree was clamped in *he *op
jaws of *he Riehle Machine, and th2 strair agage 12ad
wires connzcted ¢o the Sys*em 4)00. With *he parel
hanging freely, initial gage calibra*ion and zerc s<rain
readings wsre recorded. Thz photoz=lastic csating was
examined *o insure tha* a unifora, zzrd loaliag was

presen+.

i

t -4
o)

2]

gy

2. The lower whiffle tree was -lamped in=o <he h
Machine, aad the panel was slowly loaded =5 2,500 psi,
Any sliprage or siack w2s taken out of ths sys<em and *he

load set +3 an ini+ial 2,500 psi.

3. As loal was increas=24d, straia gige readings and cclocw
pictures of the phetoelastic coitingy wsre *aken every
2,500 psi Tha panels werz slowly loaded un%il *he £first
audible breaking of f£ibers in +«h2 panel was hzard.

4, The lo2d was reduc2d “o0 2,5)) psi and “he camerz
Teloaded with black and whita £ila for pictur=zs with 3

monochromatic filter,

5. The panels wer2 again lnadei ia 2,500 osi incremen=s.
As “he s*rain near the 24ge of ths h0lz aporoached 1%
(the anticipa“*ed upper limit of th2 streng+th of %he

panel), data was recorded =2very 1,00 lbs withou*

stopping betwesn load increments.
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6. The load level of first audiblz fib=zr br2aking ani
any other significant informaticn wsr=2 recorded

7. The lcading centinaad in 2,500 2SI incr2azn*ts urn<i

£ailure occur=d.

. Since *he panel was not ¢f uniform thickness i< was
decided *o normalize *hs load by ar2a to pounds per squars
inch (psi) rather than us2 the pounis per inch (s%ress
resultant) rormally ref2rr2d to in pla%e <hesry. The p
peT square inch loading r2fers to th: lcad appl a
top and bottor 2€ the panzl, The sams problem arcse when
trying *o relate stress ovar a plat2 ~tess s2c
thickness was varying (a+~ the cu%ci: 9)9 +o <-he app
lcad) +o the s*train gradisnts., Siazz strain is *he guan*ity
easiest to measure experim2ntally it was used 2s *he orin-
cipal means ¢> compare “h2 pansals.

C. EXPERIHNENFAL RESULTS

1. Assymatric Beinforgcement Rasul:is

The average failurs load £5r %“h2 +wo unnc*+ched
samples tested by O*'Neill was 65,000 lbs. (58,336 psi.).
The average failure load £5r +the tw> notched bu* unrein-
forced parels was 36,000 1lbs. (32,143 psi far fiz2ld stress)
with the extrapolated strain at *hs2 2dge of the hole being
about 10,000 aicrostrain >r 1% elongasion. The ra%tio of the
failure locad for a panel with a cutaut but no* reinforced %o
the failure 1l5ad for the aunnotched panal (P/Po) was abou*

"-.-‘.

"y 55%.

b.\ :'

-\ .

{ ] 2. symmetrically Reinfogycad Paasls Resulls

if: The symmetric reianforcements provided signi€fican+ly
iﬁ' greater reinforcement than the asymne“ric. Nc visible signs

of deforma*ion or buckling during loading wer2z evidsn® in
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ary of +he panels; however, ureven 15aiing was noted on
panel 2B as indicated by the pho*oz2lastic coa%*ings and
strain gage data. Like the asymmetric panels from Re€. 17,
the panels from this s*tudy had 2he characteristic fiber
cracking noises, but +the onset was 121ayed somewhat. The
first audible cracking occarred aroand 21,500 psi fer all
the panels. This cracking in the asymmetric panels s*ar+ed
between 18,750 and 20,500 psi. Th2 first indication was a
loud "pop", mach louder than subsejguen*t noises. The ini<ial
fiber (possibly an en+ire tow) failur2 was followed by
softer but steady "pings" of fiber failurs., This ncise
level varied from low +*o moderate with sharp spikes cf noicss
from loud "pops” of fiber breaking i+ osccasisnal, scemirnagly
random intervals,

All the panels failed sudd=2aly wi<h s2para<ion
beginning a*+ the point of maximum strain, at “he edge of *he
hole 909 *o the direction of applizi 1l2ad. Thzre was
evidence of d2lamina+ion at +that point ex*erding 1/3 %o 1,2
of an inch into the laminate. Pailurz2s progressed from *he
edge of the hole horizontally to th2 cu+er edgs of +he
panel., The failure lines were fairly straigh*, coinciding
with ¢he X axis, except for two 30 dsz3gresz crack diversicns
(s2e Pigs. A.3 and C.12). These ar2 15* considered signifi-
can*, bu* are more indica<ive of th2 basic inhomcgeneity of
composite materials.

The strain gage data was essesntially lingaz %o
failure fcr all gqages. Saveral of tha 5,000 ohm gages rn=2ar
the hole failad prior ¢5> final pan2l failure. I% appears
*ha* *he backing material of these jages is tco> stiff and
can not reliably accept more than abou* 7000 micros+*rain.
Linear extrapolations werz made for thas2 gages <0 *he point:
of final panel failure. It should b2 noted, howsver, that
some non-linear bshavior was demonstrated for gages in
similar locations that did not fail just prior %<9 panel
fracture.
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The photonalastic coa*iags provided excellan*: data on
s~rain behavis>r near the stress conszantra+tion, Prior +*»

)’-n..'.:' V) .‘u"
PO

. failure, *wo >f *he coatings start=2i %5 pull free around +hs=

f: edges of +the panel bu* still proviiz3i good photographic

:} r2sults close to the cutoat. Problsms in obtainiang accurate

= readings vhen using the Obique Irnciiance Adaptar prevented

TN ths measuremert of the principal strains from the photoe-

E; lastic coatings at differant locations on ths panel surface.

o Not enough contrast could be develsped *o accura“ely iden-
+ify *he isochroma+ic linas. Monochrozatic photograpnhs 4iid

{} provide valuable evidence of the strain gradien: near “he

.ﬁ cutout.

;5 a. Reinforcement Configuration 1A

> Panel 1A had the smallzar of =h=2 reinforcament

ES configurations with 2all layers oriaated ia the direc+ion of

> th2 applied 1bad (0,909 . The pansl failed a+ 42,590 ps:

{ which is 2 33% increase over “he unr2inforced pan=l 2nd
gives a P/Pc ratio of 73.4%. The strain gages func+ionszd
properly *hroughout *he “*2sting of this panel, and gave
ra2liable data all the way *o failura. The resul*s shown in
Pig. A.3 display a linear plot of straia versus load for all
gages until the fracture poin* is approached. Ex*rapclating
data to the edge of the hole shows th2 strain t> be approxi-
mately 10,000 micros+*rain sr about 1% 2longatisn, The gages
located a* points of high stress graiisnts, i.e. near the

pe .l' ,l‘,
LN s %

A

¥, Pl )
“ale "L}L' PR

ES hole or a reinforcement edge, have striin vs. 12ad cucves
15 that appear ¢> flatten out near fracture. Pigure A.2 plots
;i the strain versus location along th2 X-axis a%+ 10,000 ost

- far field strass. The plot shows a standard s<rain curva
fﬁ increasing rapidly close t> the e2dgs of “he hela,

Eﬁ The photoelastic materiil remainsd bonded *“o

j? pan2l 1A throughout the tasting, 2hotographs cf fringe

" progressicn are provided in Appendix A, Pigures A.4-7.

[ S 'Y
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During “his initial test, moncchromatic photographs wsre
made firs* and then color pho*tographs were taken *o failure. 5
Monochromatic pictures wer2 taken only up to *h2 poin+ of !
first fiber failure (21,200 psi), after which color pho*os

vere taken, In subsequent testing, the order of coler +o :
black and white photography was revarsa2d so +*hat more

pictures closer t5 failursz could be included in this report.

b. Reinforcesent Configuration 22

Panel 2A had the larger >f thes ¢wo r2info-cemon* d
configurations with all layers orisnted in the 9/909 direc-
*ion. This reinforcement provided a 42% iIncceass in
strength wi+*h a failure a* a* a loail of 44,940 psi., ©?/Po
for panel 22 was 77.4%. The first audibls fibar braaking
occurred at 21,512 psi.

The strain gage closest t9 the hole failed
during loading between 25,000 2nd 27,500 psi (last recorded
data for gage no. 1 is a+ 25,000 psi). The data frcem ~ha+
gage was questiopable ¢hroughout th2 loading sequence, and
wvas not used for this analysis. 1Its ini«ial r22adirgs showed
a lower s*rain +han the nex* reighbo>ring gage which was
farther from the hole. Estimat2d strain data for a cgage in
the same position provided in Pig. B.3. ZEx+rapola+ing +he
more reliable data from other gages ind =hz finite element
solution *o the edge of the hole sidws that tha s+train was
again about 10,000 micros«rair or 1% elonga*ion for the
0/90° reinforcement orientation., Plots of the Ja+ta for <his
panel are provided in Piqures B.2-3.

In this test, the photoalastic coating star*=d
to separate from the composite panal in the upp=r and lower
right corners, and separation prograzssed «<oward “he stress
concentration as the load increasei, This detachmen* 4iad
not reach or affect the r2gions with high stress gradien*s,
and therefore photoelasticity provil=3 good jata for
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analysis. The photographs may be £ound in Appendix B,
Figures B.4-11,

c. Reinforcement Configuration 1B

Panel 1B had the smaller of the reinforcemant
configurations with 459 srientatisas. The panel failed at
42,500 psi which represents a 32% incr2ase over “he unreirn-
forced panel, and gives a P/Po of 73.2%. The firs+ auditle
fiber breaking occurred a:t 21,339 psi.

Ajain problems occurrel with premature gags
failures, Gajges 1 and 13 failed duringy initial testing at
loads below 15,000 psi. Tasting was stopped, and the gages
wer2 replaced. Gage 1 failed agaia a*t cver 11,047 micre-
s-rain, between 35,000 and 35,715 psi. The data provided %o
that point appears *o be valid. Gajys 4 failed after crly
5864 microstrain (between 40,000 and 49,279 psi), bur i-+s
data also appears valid up to :he point of failure.
Extrapola*ion 5f the data to the el3g2 of “he hole shows *he
strain at failure to be approximatasly 13,500 micros=rain.
Plo*s of these data are given in Piju-2s C.2-3.

The photoelastic coatiay also started to seva-
rate from the panel in this case. I+ started separating
from the lower right corner a= 30,))) psi and progresse?
+toward “he hole. The separation dil progress in%o “he area
of high stress gradient after loads >f 35,000 psi, thus
invalidating any further da+a from its pho“ographs (see

igure C.10). Photoelastic ophotographic rasults are
provided in Appendix C, Pigures C.i-11,

d. Reinforcemen* Configuratiosn 2B

Panel 2B had the larger r2inforcamant configura-
+ion with 2459 ply orientation., This ceinforcemsnt provided
a 29% increase in strength with a fallurs at 41,429 psi.

Tha P/Po was 71.4% for this panel. The €firs: audible fiber

4y




AR AR)
»
RAAAE

o

breaking occurred at 21,650 psi. 3Strain jage and pho%o=-

lastic data iadicate that this panal was no evenly loaded.

Strain gage failures priosor to €£inal panel
failure were 1 probleam with +this pan2l also. 32ge 2 failad
after 7595 microstrain between 25,000 and 27,500 posi. Gages
1 and 3 failed after 7885 and 5484 mizrostrain raspectively
vhich was between 27,500 and 30,00) psi load on *he pansi.
Data from all three gages appeared to> b2 valid ap %o +he
failure poin%4, ©Extrapolation of tha2 data to “he hole's edge
indicated that the panel failed wh2a the s<rain at “ha+
point reached approximately 12,500 aicres%cain, corre-

»
e ]
1))

sponding 4o abou+t 1% elongation for th2 $459 oriantatinn,
Plots of strain gqage data are provii=d in Pigures D.2 2nd
D.3.

A comparision of strains at differan: s+tress
lavels was male of panel 2B. Figur2 4.6 shows “he strain
gradient at 10, 20, 30 and 40,000 psi far £i2131 load on “he
panel. The gradisnts show tha+t “ha panel behaves almos+*
perfec-ly lirearly. Withia *h2 accuracy o5£f <h2 strain gages
(¢5-6%) the strain a+ 40,000 psi, a- all loca*ions
maltiple cf four of +he strain at 10,000 psi. It
esting to note that +he *h2 slight variations in strain as
1.7" and 2,3" from the hole arz maintained and linearly
increase wi*h load.

The photographic data provided excellen*
material for analysis of fringe pragrassion near :he strass
concentration, PFigures D.4-11 in Appendix D show *he fringe

is a

(B4

s inter-

od e -

progression.

Tables IV and ¥ provids a summary of the experi-
mental results. In Table IV the various failurs values ars
compared, Tha failure 1o0ad refaers to the total panel
failure, the lcad at which it came apart., Pailure st-ain is
tha strain in the Y direction a¢ *ha edge cf *he cutout, 90°
tc the Adirection of the applied loal. Th2 values of

45
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microstrain are higher for the B (primarily 45°) configura-
tion, but reprasent approximately 1% strain of the fibers in
*he ply axis. I+ is interas+ting to aote that ths firss

TABLE IV
Experimental Results: Pailure Values

Panel Failure Failurs Pirst Audible | Pailure Load
No. Load S*train Piber FPailure Pa+tio
(psi) (micro) Load (PSI) {(P/Po)
1A 42,590 10,000 21,200 73.4%
- 2A 44,9240 10,000 21,512 77.4%
1B 42,500 13,500 21,339 73.2%
2B 41,429 12,500 21,659 | 71.47

audible fiber failure occured at virtually the same load for
each panel. Trhe failure 1load rati> (P/Po) is a2 measures of
+he ultimate strength ratio of +he n>tched pansl *o an
un-notched panel. Ideally, the goal is to regain all %he
los- s*reng*h wi+h reinforcement ani r2ach a P/Po ratin of
100%.

Table ¥ is a farther coaparison and analysis cf
panel failure, As discussed above the reinforcamen< weight
wvas compared t> *he volume of ma*terial removed from +he 1.0
in, dia. cu*out. In the "1" confijyura4ion 162% =f +he
vlume was ceplaced as reinforcement; in the "2% configura-
+ion 206% was replaced. The "Incrsase in Failure Lcad"” and
"Percent Improvement" refers to th2 increase cver an unrein-
forced panel wi*h 1.0 inch diameter hole. The "Specific
Improvement" rafers to tha result 5¢ dividina “ha "Percent
Inprovement™ by the percent of hol2 volume represen+ed by
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TABLE V
Experimental Results: Pailare Coaparisons

Panel| Reinf. Increase Parcant Specific ‘
No. welght in Pail- Inprovemen= Improvement \
(% _hole ure Load .
volume) (PSI) I .
1A 162.5% 10, 447 32% 0.200
i
- - - i
21 206. 3% 1 12,797 0% 0.193 !
1B 162.5% 10, 357 32% 0.198
2B : 206. 3% 9,286 29% 0.140

the *he reinforcement; using panel 1A for exampls:
32% / 162.5% = 0.200. Th2 signifizanca 5f th2as2 resul:s is
discussed ir 312¢ail in Chaptar V.
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V. DISCUSSION OF BESULTS

A. SYHNETRIC REINFORCEMENT RESULTS

The failure of a2ll +h2 panels 7:5cucel at “hz predic%ed
location of the highest stress conzsantr-ation, i.e. +he poin%
cn the cutout 90° to +he applied *t2asile load., They faileld
catastrophically, without warning sr visible signs »f immi-
nen* fracture. Consistent wi+th *h2 naturs of composi=2
(brittle) ma*erials, *there was no visible hola dister+ion.
Continual micro-fiber breaking was 2vident auldibly freom i+s
ini+iation at approxima*tely 21,500 psi until €final failure,
but there was no sudden change in n>is2 level just prior *o
failure.

1. 07999 Reinforcement Orisntition

The ™A% configurations, which had reiaforcements in
the dir=2ction of the appliad load (3,/90°), appeared *o hava
a predictable failure lev2al. That is, when “he pcint wish
maximum stress concen*ratisn (%he prin: on the 2492 c¢f *he
cutout 909 <o the direction of the 2pplied 1soai) reached
approximately 10,000 micro-strain >r 1% 2longa*ion, %he
ranel failed. Reinforcement r2ducad the s+ress around +he

hole by increasing the cross sactional aresa over which *he
load was distributed. It allowed a higher lo0ad %o bhe
applied before the material next %> th2 cutou“ 2longa*t2d 1%.
Iz would be expectel that increasing *he cross sectional
area in regions of high stress conc2ntration would increase
ths ultimate strength of "he panel. The resul*s comparing
specific gain in strength (% gain in streng*h / % added
woight) in ¢able IV seem "5 pcint :t>ward anozher conclusion.
The +total applied volume of reinforc-2ma2nt would appear %o be
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th2 principal factor in “has improv2aesn: ia ultimate
s-reng*h. Obviously, howaver, *his resul* based upcn such 2
small sample is hardly sufficient %5 35 anything c4her +han
point ou+ the need for further +tes<ing.

2. 3459 R2inforcement Orientaxizn

The "B" configurations with reinforcesments criented
in *he 459 directions hava results %“hat 4c not appszarc “c be
as easily charac*2rized as +he "A® configuration., The
apparen= strain at *+he edg2 of the h2la and thz €ailure lcai
were both less for configuration 23 (the larger size r=a2in-
forcemen%) *han for 1B. Both 0f +tha "B" configura+«ions did
allow more strain at ths 21ge of th2 hole than aith=sr of +ha
"A" configurations. The orimaxzily £459 orien+ation makes
+he material more compliant and allows higher strain befor2
parel failure,

The 28 configuration failel a< a load lower than
would have been oxpected consideriny the rasponse of *“he
other *hree panels. Th2rs is some 2viience bc*h in +*he
strain gage readings and the pho*o2lastic pho“ographs *+o
indicats that the load was no* unifsrmly distributsd acress
the width of the panel. Figures D.4-11 show slightly higher
strain gradients 5n *he 12f% side >f “he hcle. Pigure 0.2
shows *he s“riin gage valuas a% 10,300 psi. The varia+ion
between *he two values at about 1.3 inches is the 3 €fference
in strain between gages 7 and 8 (s22 Fig. D.1). The “wo
gages are almost equidis*ant from ta2 holz canta2r, bu- on
opposite sides of “he panal. The 3ifferance in s*rain indi-
cates an un2qual loading condiditisn., This panel failed a*
a load ratio (P/Po) 6% less +than th2a 22 configuration. This
early failure is wha% would be axpa2:%ed considering “he load
condition.
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The ability cof ths primarily +459° (arnund +the
cutou+) lamipate t5 exhibit mecre compliance with app

0
[1 1]
(3]
\D
._l

~3

"
[}

1lc
pan2ls 1A and 1B) is significan:. This orien+a¢ nay

n
(o7}
n

(9]
[a/]
|

lit+le lcss in ultimate streng+h (somparz faila

provide desigqners more fla2xibility #o design lzghter s+tTuc-
tures when +hs load direction is known. The 0/90°
orientation provides its maximum r2infarcemen* when avplied
1oad is parallel +o the Y axis., Any o*ther load osrien=a%ion
would produce highar s*rain and earliesr failure.

.'_(.
!
5
j
A
:j

nd Rginforcessats

3. Asymmetric Rou

The asymmetric reiaforcemnt schem2s uszd by 0'Neill
{R2€., 17] did no* provide significant increases in s<rength
over +he tasic notched panel. Althdugh only 2 smz2ll aumb
of specimens was tested, in nc cass was “he improvemer< mcrs
than 12%. The computational results for O'Niell's configqu-~
rations 1A and 2A (+459 orientation) showed “ha“ fer 2
10,000 1bs (8,929 psi) 1load the miczo-strain €3¢ the point
closes* to *he hole a+t th2 90 d=gr22 froam thz %2nsile stress

s
Fronz Back 1v2:z192
1a: 1700 3300 2509
2a: 2250 3200 2225

The strain gradien%t +hrough the %*hicknsss 2¢ “hz panel a-
*h2 hols edge was vary st22p, and ¢coull cause delamination
due *o0 *he interlaminar shear forcas, which wouldl cen*ribute
significantly to 2arly panel failurs. Thus i+ is +o be
expected *hat symme+ric rainforcem2ats, which 1% no+ havs:
this problem, should out-parform asymme4<ric rainforcemen+.
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B. COMPARISON OF COMPUTATIONAL AND EXPERIMENTAL RESULTS

The straii distribu“isn along *h2 X axis pr=2iic%ed by
*he finite element analysis is plo“t2i1 wi<h “h2 s=rain g2gs2
measured valuss :in the appendicies (Pigs. A +hro1gh D.2)

The finite element sclution is very closs %o “hs axperi-
mental results. Very clos2 +o *he h5l2 *he 221ialy*ical
solution predicts a very high strain gradient. This is
execptionally difficult to measure wi+h any zccuracy [R=2f.
22). A% strains approaching 1% “hars is probably scme
strain celief provided by ma*rix cracking and 1load *z-anfer
within “he laminate and some local 12¢5rmation. The ins-<ru-~
mantation u+ilized was not accuratz2 2nd5uga 32%2c: +hesa2
reactions. The finite elsment cod2 usz24d 3does 124 account
for these nonlinear behavisrs. Mor2 “han abou: J.05 inches
from *he cu*out *he anmalytical solution almost exac-ly
matches the experimen+al rasults. Purth2r compariscns migh+
be more econoaically done compu*tatisnally un+*il an op*imal
confiquration was found. This geomatzy could then b2 vali-
dated experimantally.

C. PAILUBE PREDICTION

The failure of the panels with 0/909 reinf>rcemen< ply
orientatiocn occurred when the appacant s%rain at *he <cdge of
th2 hola2 reached 1% elongation. Th2 r2inforcemen<ss rsduced
+he stress in *he region near the n>l2 and thus 21low=2d4 “he
panel to withstand a high2r lcad beforz failing. The prin-
cipal fibers failed at 1% 2longa*ion and pan2l fracture
ini+tiated.

The #4590 reinforcements failed when the panel s+r-ain at
the same point was ccasidsrably hiyhar. Howavar, when the
indica+ted s+riin at the 90 degree pdint of +he cu*out* is
approximately 14,150 micro-strain, th2 s+zain on %he
individual 45° fibers (in ¢the ply 1-2 axes) is 10,000
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'ii micro-s+rain (1% =2longation). Thezsfors, ths pansles €aii=]
.y a* approximately the poiat where *h2 ra2inforcament £fibars
LL. vase strained beyond capacity. Beydnd 1.1% =longation =he
Eé 0/90° fibers in the base panel had probably all failed and
Eﬁ the strass was being carria2d by ths r2inforcemer: fibers,

- Panel failure occured when these $4539 fibers wsr2 straired
R to their limit (1%).

:E While definitive predictor of fiilurz for *“his *yvoe

- pan=2l is no* possible withosu* furthar =es-ing it is cbvious

from even +he few specimens that th2 ply strain limi+ of

- this material is abou*t 1%. Damage =2 “he panel (hovever

inor) begins at about one-half ths limit load and

progresses s+*2adily until failure. This damage, in i

does not appear +*o be the primary caus2 of failure in lew
0

4

ﬁj cycle applications. The presence 3£ syamatric rzinforcemen=
0, :

A around a cutout reduces the s*ress and increases the load
e carrying abili+ty o£f +he notched panzl. This increased
Sl
( ability to carry a load, up *“o almost 75% of *he unno*ched
o panel s*rength, merits consideratisn in Za*urz waight-

) critical designs. Alternate reinforcing jg20mzt-ies such as
~ . .
O increasing th2 thickness next o “h2 cutou% nay yield even
N btetter resul+ts.
.
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A. GENERAL

Symmetric reinforcement of cutsuts graphi“:-2p0xy panels
is a viable method of significan*tly reducing “hs s4rain irp
+he vicinity of a s*ress raiser ani thus incr=asing paneal
streng+*h when the panrel iz subdect2i 49 uniaxial <e
stresses, The best reinforcement -onfiguratisn for
loading condition carnot be determined wi+h +the limi+=3
results of this study. Some general observatiosnsz can be
made, however:

1. The 0,909 ply reinforcement providad th2 bes* s<rain

reduction; +he panel was made stiffer,

2. S%*vain reduction dus to 0/9)2 degree reinforcemen*
increased proportionally to the amoun* <of r2inforcement
added.

3. The increase in pan=2l failur2 stress par unit weigh+
of rzinforzement was approxima“2ly constan
the fcur specimens.

4. The 459 rainforcements allowasd 25 to 35 percent mera2
flexibility (compliance) than th2 0/909 r2iafozcements.

5. A strain of 1% for the fibers of a symmeszic rein-
forcement (no induced curvature) appears 0 be a good
predictor 5>f vpanel failure.

6. Symmetric rainforcement proviied a 29-40% improvemen*
over “he unreinforced notched panz2l, versus the 5-12¢%
improvement given by asymmetrzic ra2inforcement.

S4




9. The DIAL finite elament projram provides accuczte
results that correlate well with 2xperimen+al da+a.

These conclusions are bas2d on the small number of specimsans
tested in this study. Ths da+a for thase samples dc¢ z2ppzar
o be reliable and accurata.

B. SUGGESTED PURTHER RESEARCH

Fur+her rasearch in ¢his area would appezr t2 be of
significant value, An a<tempt *»n v2rify “he apparer+ly
direc* relationship between added r2inforcem=22at volume
(veigh*), and increase ultimate failurs stres< would secam %5
be “he next step. If +this relationship is of limi%ted apmli=-

cability, thea the gquestion of reinforsement *hic
(three or mor2 plies) seems *o be the logical nax
Addi+ ional questions which could bz 233-essed inclu

o 7\‘

n 10

o 0
n

N
‘g
.

[o N
o
.e

14
n

1. Is *her2 an op+imum reinforcament area? That is,
*+here a reinforcement-diametes-td-hole-diama42r ra+io

+hat provides the most 2fficient ra2inforcemant?

2. Which incre2ases thes reinforcsmen+ =offact more =2ffi-
te

[l

ID
']
)
"

ciently: a large diameter reinforc=2nent or a gr
thickness?

3. 1Is 1% fiber elonga=ion an adaquate failars crizerion,
especially in the region of highas% strain gradien%, near
the hole?

4. Do the data from analysis and <tasts of this *yps2
composite naterial loaded in uniaxial %“ension apply *»
other *ypes of loading?

Another pyssible study would be *“he inves+iga:

s
[y

on of

.-lc
oD
Q
m
1Y '
I8
1]

a
submerging “he reinforcament under sne oz more pl
laminate,
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TABLE VI 1
Panel 1A: Strain Gage Locati and Strain at 10,000 psi
ge (it rggfd) ’ P

¢ o GO,
.":' ‘,‘.\ A ‘0_'1-,- A

B o

i G# X-Coord. Y-Coord. Strain )
< 1 0.5570E+00 0.0008E+00 0.2061E-02 ?
! 2  0.5870E+00 0.0920E+00 0.1742B-02 ;
| 3 0.6690E+00 0.0120E+00  0.1392E-02 i
= 4 0.8610E+00 0.0470E+00 0.1210E-02 f

S 0.1021E+01 0.0820E+00  0.1054E-02

6 0.1160E+01 0.0410E+00  0.1006E-02

7  0.1472E+01 0.0740E+00  0.1052E-02

8 0.1703E+401 0.0080E+00  0.1142E-02

3 9  0.1856E+01 0.0080E+00  0.1135E-02
- 10 0.2013E+01 0.0110E400 0.1162E-02
ki 11 9.2343E+01 0.0180E+00 0.1165E-02

12 0.2495E+01 0.0180E+00  0.1231E-02
I 13 0.2647E+01 0.0180E+00  0.1182E-02
16 0.2810E+01 0.0210E+00 0.1251E-02

5 15  0.2972E+01 0.0210E400  0.1199E-02
- 16  0.3127E+01 0.0230E+00 0.1260E-02
2 17  0.4840E+00 0.3480E+00  0.1644E-02
~ 18 -0.0190E+00 0.5970E+00 =-0.3660E-03
. 19 -0.8610E+400 0.0470E+00 =-0.3800E-04
N 20 0.5050E+00 =-0.0320E+00 =0.6570E-03
QE 21 =0.1477B401 0.1365E+01 =-0.4800E-03
= 22 -0.1413E+01 0.1431B+01 0.3980E-03
= 23 -0.1369E+01 0.1493B+01  0.1433E-02
" 23 -0.0170E+00 0.4578E+01  0.1217E-02
e

N

]

X

._3'
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p Pigure A.4 Panel 1A: Photoelastic Panel at 5,000 psi.

? Pigure A.5 Panel 1A: Photoelastic Panel at 10,000 psi.
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Panel 1A: Photoelastic Panel at 15,000 psi.

Pigure A.6
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Pigure A.8 Panel 1A: Practure Lina.
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Figure A.9 Panel 1A: Eps-Y (x 10¢) Contours Near Catout.
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Pigure 1.10 Panel 1A: BEps-X (x 10¢) Contours Near Cutout.
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Pigure A. 11 Panel 1A: Eps-XY (x 10¢) Contours Near Cutout.

’
€ e
[y

N P T B ] ,1."\“11‘.' "

LI )
Q.
\

Q-

'4'—'
IS LY A A A

".l
o

o
44 8

66

5

“

RT3




——— A Batt ams Shg 2dn RS Rdd Yk ' Akt AR Bk B AR e B S R Jin R SN R J
o LG AN A e e et s e S LIV LSO SRNACUHE CAU AR ACARRAR AR AR AR NS L A

APPENDIX B
PANEL 1B

Ml 3 2
‘. . .
MPR W% aa s 2

PRI

l"-.t

S B
e T T T e T e
RIS N S LY DI IO I IO I,




AINO Vviva G3ivinevi -
IAYND NIVE1S/SSIULS NO 031107d © 03LVINGVL o_“_

l‘l{\'l\lu"/’\ —— _— .
N —— \IIN "
o
e X .
3903 T3INVd bv...
o
L
3
908’0 —={
: A
f—————8L22 Q.o.olL 4
> (L]
po———— 6 ' 200G G 0~ m
o
[ ¥]
»
0 o
o
(X3
m
>
—
o
=
«
(2]
—. BoNelaBsNs
OO o ww o
221016 8 L -
.
m
[
H
WOIHL Ad | B
- o
ﬂ“.. WIIHL S31d 2 .n

|

e w
we ta Y

y
e

e N

. L4
.q.c J...v.. ..~.. .

i‘-‘.-'"




\(s,A. €

e
oy
kﬁ
b
N
rg
=
7
E

Panel 1B: Strain Gage Locati

G#
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

X-Coord.
-0.5505E+00
-0.6785E+00
-0.8065E+00
-0.9795E+00

0.1195E+01
-0.1300E+01
0.1476E+01
0.1636E+01
0.1801E+01
0.190E+01
0.2124E+01
0.2278E+01
0.5555E+00
0.1120E+01
-0.1915E+01
0.0380E+00
-0.0075E+00
2. 1515E+00
0.0840E+0Q0
0.0195E+00

TABLE VII

(Far F

Y-Coord.
0.0060E+00
0.0125E+00
0.0030E+00
0.0010E+00
0.0210E+00
0.0225E+00
0.0075E+00
0.0065E+00
0.0050E+00
0.0030E+00

-0.0020E+00
-0.0065E+00
0.0070E+00
0.0210E+00
0.0220E+00
0.5520E+00
-0.5760E+00
0.7728E+01
0.7794E+01
0.7871E+01

69

trai 10,000
ggfd?nd Strain at 10,000 psi

Strain
0.3111E-02
0.2158E-02
0.1606E~-02
0.1473E-02
0.1398E-02
0.1350E-02
0.1236E-02
0.12878-02
0.1279E-~02
0.13228-02
0.1338E-02
0.1346E~02

-0.1789E-02
-0.2180E-03
-0.1920E-~03
-0.6050E-03
0.3250E-03
0.1604E-02
0.5830E-03
-0.2860E~03
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Pigure B. 4 Panel 1B: Photoelastic Panel at 5,000 psi.

Pigure B.5 Panel 1B: Photcelastic Panel at 10,000 psi.
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Pigure B.6

Pigure B.?7

Panel 1B: Photoelastic Panel a+t 15,000 psi.

Panel 1B: Photoelastic Panel at 20,000 psi.
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Pigure B.10 Panel 1B: Photoslastic Panel at 35,000 psi.
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Pigure B.11 Panel 1B: Photoelastic Panel at 40,000 psi.
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Figure B.13 Panel 1B: Eps-Y (x106) Contours Near Catout.
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Figure B.15 Panel 1B: Bps-XY (x10¢) Contours Near Cutout.
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$§ | Panel 2A: Strain Gage %%ggtlonf and Straian at 10,000 psi

G# X-Coord. Y-Coord. S+rain

01 0.5990E+00 -0.0025E+00 0.1715E-02

02 -0.6220E+00 -0.0115E+00 0.1784E-02

03 0.7400E+00 -0.0105E+00 0.1534E-02

o4 0.8885E+00 -0.0225E+)0 0.11628E-02

05 0.1114E+401 -0.0200E+0Q0 0.1122%=-02

06 -0.1386E+01 -0.0195E+00 0.1198E-02

07 0.1447E+01 -0.0105E+00 0.1181E-02

08 0.1604E+01 -0.0165E+00 0.1228E-02

09 0.1868E+01 -0.0155E+00 0.1265E-02

10 0.2023E+017 -0.0100E+00 0.1255E=-02

1 0.2186E+01 -0.0060E+00 0.1321E-02

12  0.2339E+01 -0.0050E+00 0.1261E-02

13 -~0.6220E+00 -0.0115E+00 -0.3200E-04

14 -0.1386E+01 -0.0195E+00 -0.1690E-03

15 =-ND.2060E+01 0.0010E+00 -0.3520E-03

16 -0.0030E+00 0.5630E+00 -0.4810E-03

17 0.0085E+00 -0.642CE+00 0.7200E-0u4

18 -0.1370E+00 -0.7039E+01 -0.3380E-03

19 -0.0695E+00 =-0.6970E+01 0.4080E-03

20 -0.0025E+00 -~-0.6907E+01 9.1320E-02




(sayouy) sixy-X |sueg

ol
(7)]
[« N
€ * I 4 ql o
1 o) W
o
................ Fu
o
= a
....................................................................................................................................... = ¢
W -
< 4
& o
o o
o =
N
B A W mm om ..n.NJv
> 0
- &
........................................................................... > L2
- - [r— -— V *0
(u0S$104) X-WeNS VI o 2 a
(uoisue 1) A-uens TvIQ L 3 S .
h_olx ‘.:—.) .o.c :—.u-” A | gy “r (@] lm u
1Q-A senjep obeg viens v .w .na
pueBeyuens | 0 i e o
: [y ]
S 0
o
AnewwAg jo sixy |ejuozuoH Buojy uieiiS-ol1oIW © m
(Ad+) peo ejisue] 1Sd 000’0l Pleld Jed e
luawadiojuiay 1adlad 907 ‘09168 06/0 VI |1eued o
- DO . NN 5 2000 BEENIIR . DO . SRR SO | -SRI ] KO




n.. ToT oY EmRITTE P VLY TV Y WP —
2

-

b

3

g (1sd 000LX) Ss811S 8|Isua) palddy .

. av ov g€ o€ az 0z a oL q 0 e

’ | } } | | i } _ o .m

t... ®

v, ~

v.. N ord

L o=V A s3I SRR LS u

b <) e

b .

S T St S sl = i SO S S s @

f o

I-. 9

L R T o e et R M, m

© = (o]

. : ® 5 <

d : _ . : ” ” 3 ©

- : ” : UeIN|OS YHeWeYg - - RLTPREERITTPETS Berere e IW\I =

r [Pt e)ulJ Woi4 peIBWNS] WENS o ° M B

aas : (POIIe4) U1 85°Q = X L ©0%D U BEET =X 7ZL 9189 X 35 o

X U RSOSSN SRRSO SOV ORI U SNURTR Ul {pp'l =X ‘L 00FY 4 &6~

X ” Ulill't =X ‘geBeg v S p

ulO¥L0 =X ‘c 008y O . &

A T T T e uIZZe'0O =X ‘Zebey QO S

. GN39317 39VD NIVHLS S -

_“. s

; P @

r. o o

, °© o .
. peOT 8]1SUB| SA UIRBNIS-0JIN o .
1UBWaDIOoJUIBY JUBdI8d Q0T ‘991600 06/0 VT I8ued .
m ;
z P
y X
’ ..Hs
)
T- -. ‘..... ATAVACAES - DESCUOULTATETL] I o R R TRy L S K




Ll i i

- o N e g

-7'. <.

RV A

S kN

Lg
o N

.

T

AN S A

T,
N

N

~

.\'.

Lol

AT
22 g o

Panel 2A: Photoelastic Panel at 5,000 psi.

Figure C.4
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Figure C.5 Panel 2A: Photoelastic Panel at 10,000 psi.
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” Pigure C.6 Panel 2A: Photoelastic Panel at 15,000 psi.
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Pigure C.7 Panel 2A: Photoelastic Panel at 20,000 psi.
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: Pigure C.13 Panel 2A: Eps-Y (x10¢) Contours Near Cutout.
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Figure C. 15

Panel 2A: Eps-XIY (x108) Contours Near Cutout.
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Pigure D.4 Panel 2B: Photoelastic Panel at 5,000 psi.
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rigure D.5 Panel 2B: Photoelastic Panel at 10,000 psi.
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Pigure D.6 Panel 2B Photoelastic Panel at 15,000 psi.

Pigure D.7 Panel 2B Photoelastic Panel at 20,000 psi.
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Pigure D.8

Panel 2B Photoelastic Panel at 25,000 psi.

Pigure D.9

Panel 2B: Photoelastic Panel at 30,000 psi.
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Pigure D.10 Panel 2B: Photoelastic Panel at 35,000 psi.

Pigure D.11 Panel 2B: Photoelastic Panel at 48,000 psi.




Pigure D.12 Panel 2B: Practure Line.
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Pigure D.13 Panel 2B: Bps-Y (x10¢) Contours Near Cutout.
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