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ABSTRACT

An experimental and computational analysis was made of

S. the strain field around a reinforced circular hole in four

HMF330/34 graphite/epoxy panels under uniaxial tensile loading.

The basic panel was a l0.0x26.0 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 each 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,.. . or ID,9O,...Is additional

plies with the total reinforcement volume equalling 163 or 203%

of the removed hole volume. A prior investigation of similar,

V 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 the 1990's high modilus, advance3d composite materils
ar e seeing more use in aerospace structural applications
than ever before. Their smperiorit7 to the metals they
replace has been well documented. iowever, until quite
recently designers have been reluctant to use the most
valuable characteristic of laminated compositis: th?i
directional properties. When faced with typical design
unknowns, the choice is usually to tak . a weight Denalty and

add additional laminate plies. This aid.d weight can be
very costly in some appli:ations; other me+hods must be
sought if composites are to fulfill their pot-i.tial.

Advanced :omp3site materials, ::bvn/epoxy (C/Ep) anl
g aphite/epoxy (G/Ep) in particula-, are seeing ircreased
use in the production of aircraft, 2issi!1s and space vShi-

cles primarily due to advantages im weight, stiffness and
thermal properties. A few hundrqd pounds of saved weight in
a commercial airliner or military tct.ical jet can be worth
millions of dollars in reduced life-cycle cost. Add-itonal

weight reductions are possible by asing the directional
properties of composites and by plazzing r=.inforcement prop-
erly at areas of stress concentrations. This report
examines one aspect of using these geometric and directional

properties applied to reinforcing a.round cutouts in G/!p

plates under uniaxial tension.
Difficulties in development, maaufictu-e and quality

control have been the priaary factors responsible for the
high cost of composites. As pointed out by Dsl-ont; [Re..
1], the decreasing cost of the composite prepreg material is

approaching the increasing cost of aircraft grade metals.
The 1-18 and AV-8B are examples of flight vehicles with

12
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- significant percentages of primary structure fabr cat . d f=om
composites. he decrease in overall weight and incrqasa in
performance and life-cycla savings offset their higher
initial cost. A 3ignificamt further weight saving, even in
these aircraft, could have been ac-3mplished with a more

49 aqressive design. It will take a mumber of years and, no

doubt, a few mistakes to fully utilize cmmposite raterials'
potential. The Army's Advanced Composite Airframe Progrm
(ACAP) is an example of advanced design with cmpcsit-s.
Well over 90% of the primary and se-ondary s-ructure of the
two current competing designs are either Kevlar, fiberglass
or carbon/graphite composites [Ref. 2 & 3].

Until recently *he majorily of app'ications of compos-
ites has been limited to those in which the laminate
properties closely resemble those of himogenqous, isotrcpic
materials such as metals. Simple geometric designs
utilizing quasi-isotrop!r laminates hav- been pref-mrre91,
aczording to rsai :Ref. 1], because they are easier to
understand and their behavior is eisier to predict than that
of directionally oriented :omposites. Ths inability to
accurately predict every loading c2adition has made designs
very conservative. These safety consilerations have
resulted in an overdesign of parts !a 3rder to guarantep

adequate strength under "unpredictable," ci-cumstances (Ref.

In aircraft construction it has always been necessary to
have holes and cutouts in load carrying structure. An

aircraft wing spar, for example, raluires access holes for
control rods, fuel lines, and electrical wiri.ng. The pris-
ence of these stress concentrators requires that either the
entire member be designed accept the incease in lccal
stress or that reinforcement be appliel around the areas
experiencing higher stress. The first method requires an
excessive increase in weight, the sarond, mor. sxpensive and
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time-consuming analysis ani sanufa:turinq techni.u.s. Ths.

report examines the effect of =einforcing around a hcle to
reduce the local stress. in applir-ations where light weight
and high strength are required at 3ome cost in. ease of menu-
facture, this seems to be a promising avenue of research.

A. RECENT RESEIRCH

When the current research into the e4ff"cts of stress

concentrations in composite materials Was reviewed littl
could be found in the area of reinforcement of holes or
cutouts. Thecre ace, however, a number of related reports

covering the affect of loaled and unloaded holes in

.4 composite plates.
Several studies by Rowlands, Daniels and Whiteside

(Refs. 7-9] have found that the manner of diffusion of
strain around a hole in a composite panel was iependent on
the material ?roperties of the laminate. It was noted 'hat

the nondimensional hcle-diameter-to-panel-w!d.h ratio (d/b)

* . dil not affect the maximum value of the stress concentratlon

factor (SCF), but it dil affect the slope of the stress
gradient near the hole. Smaller d/b rati-s have higher

stress gradients close to the hole. The effect of the
setress concentration dies off more rapidly withi lecreasing
hole size. The laminate's stacking sequence was found 'o
have a major effect on the diffusion of stress around a
cutout in a orthotropic panel. Konish [Ref.101 also noted

that the SCF for a quasi-isotropic iaterial was app:ox!-

mately three; however, he states that SCF is not an adequate.
measure of strength of a composite laminate containing a
circular cutout. Re pointed out that for a laminate with

plies only in the direction of the applied load the
theoretical SPF approached seven. Further he states that
the strength of a composite plate iith a hole appears to be

1i
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related to the "in-plane elastic stress vithin a ragor

adjacent to the hole boundary".
The hole-size effect is also discussed by Dan'el, et a!

[Ref. 7], and Waddoups, et al [Ref. 11]. rhey show that a
hole diameter of 1.0 inch in a panel with dimensions to
produce d/b of less than 0. 4 reduces the SCF in compositc.s.

This reduction is somewhat misleadin; because it comas rom
increasing the far field stress rather than reducing stress
next to the cutout. Smaller holes increass the SCF, whls

larger holes increase the d/b rat.i- which reduces the a-ea
over which the stress can diffuse around the hol., thus

reducing the SC?.

Due to their inherently brittle naturs advancqd con.s-
ites tend to be highly sensitive to stress raisers. They
have demonst-ated, however, higher than predite.l ultimate
strength. This is generally attribate! to load transfer
amoung fibers during strain induced failure and intrlaminar

shear behavior. garbo states [Ref. 12] that his panel
strengths were 25 to 50% higher than theoretical stress

concentrations would indicate. For ozher than uniaxial

loads failure was shcwn to initiate it locations away from
peak stress cncentration-. He stated "...laminate failure

is predicted by comparing elastic stress distributions with
material failure crit.ria on a ply-by-ply basis at a charac-
teristic dimension away from the hole boundary." Whitney

[Ref. 13] discusses the characteristic distance (do) which

is the distance away from the discontinuity where the

strength is etual to that of the unnotchad panel. This
distance is sufficient to contain in "inherent flaw" in the

material where failure can initiate; and therefore, the
concept of predicting the strength of a brittle material at
a single point seems questionable. A study by Bailie, 4t al
(Ref. 14], shoved that strain gages near a hole demonstrated

nonlinear responses at 80% of the failure stress which were
associated with "highly localized fiber and resin dpmage".

15
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The inherent nonhomogeneity (a-ting somewhat liks f 1ws

in metal) of sult!-directional coaposi:e laminates suagc-sts
to Kim tRef. 15] that the first ply failure (FP) ise n-

dent on the type laminate, material prop-erties, ari r-sijual
stresses within the laminate. Premature FPF can be caused

by residual stresses remaining from the curing p:-ocss, but
the FPF does %ot lead immediately to panel failure. The
ultimate panel failure is invariably preceded by th4 failure
of weaker plies, plies oriented in the5 dir-cti~n 'of load,
ani interlaminar load transfer when possible.

The reinforcement of notches in =ompositz panels by the
use of G/Ep rings has been investiqated by McKinzie [Ref.

16]. Some of the problems associatel with asymmetric rair-
forcement and separate curing of panels and :=inforcemsn's

Swere discussel. Whiteside, Rowlands and Daniel (Ref. 7)
investigated the benefits of different materials, lay-ups,

panel thichness, and compared effects of circular lo ellipi:

holes as well as the effe:ts of hole alge roughness. The
actual use of reiaforcement was not studied; however, they

showed that doubling of thicknesses for panels with holes
-U produced improvements of only 20% ii strength over singlq

thickness panels. k study of the affezts of asymmetric (one
side only) reinforcement of panels with cutouts under

.V tension was made by O'Neill [Ref. 171. His work led

U-. 4rn- directly to this study, and will be liscussed below.

4.-41.
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The objective of this investigation was to d.te:=mine th-

benefits of symmetric reinforcement of a quasi-isotrcpic

G/Ep panel containing a stress con:entration due to a

drilled circular hole. This study was sugges-:ed as a
continuation of an investigation of asymmec-ic re-nforceent
of the same type panels by O'Neill [Ref. 17]. Initially,
asymmetric reinforcement was consilare5 desirable from the

point of view of the eass of manufi:ture. Reinforcing nly
one side of the panel ci-cumvents some problems in mating it
to other parts and allows manufacturing (layup) of panils on
flat metal sheets. The strength of thq asymmetrically rein-
forced, notched panel was found to be )nly 5 to 12% greter
than that of a similar but unreinforced panel. rhis small

improvement, in light of the small sample size and possible
experimental error, nay represent very little actual
improvement. Certainly, based on any cost (of manufacture)

to benefit ratio, there was no improv32ent. The concst of
cutout reinforcement was narrowed to symmetric (b,th sides

4of a panel) by O'Neill.

From the standpoint of weight, a rsinforcment should be
a small percentage of the component's total weight. & good

measure of weight reduction is the ratio of rsinforced to

unreinforced panel weight for the same stress (or strain)* °

concentration around a cutout. Obviously adding additicnal

plies over the whole surface will increase the area over
which the load must act and reduce average stress. This,
however, puts a lot of material where it is not needed. By
selectively adiing material around the the hole stress
should be reduced with only a small increase .n wo!aht.
This approach wonld seem to have merit only if there is

V. 17
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significant stress reducti3n, due to the increase in !aru-
facturing and quality assurance costs. Any coapetit-v-

design must satisfy the scrutiny of a cost/bensfit analysis.

OlNeill attributed &symmetric rainfor-zemnt's small
' effectiveness to possible delamination near the ultima* .

load due to induced curvature [Ref. 17: pp 93-4]. He fcuan
significant differences between frDnt and back surace

. st.rains close to the notch, indicating that the panels
deflect away from the reinforced sile at the hole-. The

reinforced side beinq stiffer than the unreinforced (back)
. side caused this bowing of the panel. The stress gralii-.t

through the thickness of the panel at the edge o! -the hole

was from high tensile stress on the back side to lower
tsnsile stress on the reinforced sil.. This induced in
additional interlaminar shear superimposed ovqr that

expected due to differing adjacent ply orientations.
To avoid the induced curvature ani associated premature

dalaaination problem, symmetry was recommendrad. Symmetry
for this investigatior was achieved by co-curing identical
reinforcements on both silos of tha panels. Submerging -he
reinforcement layers below layers Df the laminate to gai.-
symmetry was considered, but the ailed problems of verifvina
the reinforcement ply orientation and the cu.vature of the
outer layers over the reinforcements caused rejection of

this option i2 favor the "wedding -ake" geometr.y.

A. PIVEL BRIIFORCINMNT COIPIGURATI35

This investigation considered four configurations of
reinforcement. These circular reinforc ments consisted of
two small, circullr, concentric plies aided to each side ef
a basic quasi-isotropic G/Ep panel with a centally locatqd
one inch diameter hole through the thickness of the pan.l.

18
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The cen'e of the hole was designated the axis ori!. I
The X axis extends horizontally across the width cf the
panel; the Y axis extends verticallf upward in the aire.tron

of the appliel tension. rhe reinforcing plies were cent-red
" on the hole center. Figures 2.1 anil 2.2 show ths czoss-

sections of the two reinforcement zonfigurations. In each

case the reinforcements consisted of two plies on each sids

*' of the panel. The reinforzing ply 2ext to the bsa pans!

surface had a 1.25 inch radius. For !ype 1 rei.forcemen.s,

the outer ply had a 0.75 inch radius, while th- Type 2 rsin-
forcements hal an outer ralius of 1.3 inch. ?ach tvpe of
rainforcement was manufactured with two reinf 19c,.uent orin-

tations: "A" reinforcements were oriented ±450 to the ioal

axis, while "8" reiforcenents were orieneed 0/930. O'eill

analyzed these configurations, but 1i not test -hem

experimentally.

Computational and experimental sethods were -ised which

closely (if not exactly) followed proc.dure.s use 1 in

Reference 17. Where deviations have occured, thay are no-el
and explained. This investigation Iid not try to reiterate
theoretical and computational analysis prav-ously dons, $ut

does reference materials published since that study was made

and elaborates upon areas researched furth-r. Panel dimen-

sions and construction details are discussed in Section

IV.2.

S.
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The panel laminate was analyze! using both open ard

closed form methods. Stanlard laminat.e analysis using

Tsai's approach [Ref. 4] Ieterminel th material propr=--?s

of the panel in the quasi-isotropic (far-field) area and in

the area close to the hole which included the co-cured r-in-

forcement. A finite element analysis was mad? of each of

the four panels using DIAL, a versatile code developed by

Lockheed missile S Space :ompany (LMSCI , Sunnyvale, CA raef.

18].

iA . LANINATED PLATE ANALYSIS

The material properties of cured H ? 330/34 graphitc/

epoxy cloth prepreg used in the coaputational and

experimental analysis are given in rable I. !t should be
noted that El and E2 refer to the xoduli in the principal

ply direction (1) and 900 to it (21 in the ply coordinats

system, and that Ex and Ey refer to the laminate coordi-

nates. The material properties of =Loth differ markedly
from those of tape 900 to the prin-ipal axis due to the
influence of the crossply (woven) fibars. Even in cloth
material there is some difference between El and E2, prima-

rily determined by the fiber to matrix ratio and the weaving

process. Composite cloth prepreg Is not, in its'elf, quasi-

isotropic despite the nearly equal noduli El and Z2. The

shear modulus (G) is too low; quasi-isotropic properties in

composites are a result of an equal angular distribution of
ply principal directions: [0,045,90]s or (0,±601s.

The four test panels were suppliel by LKSC who also

provided preliminary data on the material. Subs-equent

testing demonstrated that the cured panels had a slightly

lower modulus (about 9%) than LSMC predic-ted. rhe initial

22
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" material properties were revised and subsequently 4 mo.-

strated excellent correlation between clcsed and oon form
analysis and the experimental results. Any effct cf --

TIBLI I

,aterial Properties of HIP 330/34 Cloth

Tension El: 9.8x106 psi E2: 8.8x106 psi

compression El: 8.5x106 osi E2: 8.1x136 psi

Shear G12: I.Ox lO nsi

Pcisson v12: 0.09

differences between tensile ani comprssive mouli was ro-
taken into consideration. The areas of compressive strain

did little to cause panel failure.

The analysis of the basic laminate was made using -h_

computer program RSQ adapted by Sullivan [Ref. 19] from a
earlier program developed by General Dynaiics, F:rt W orh.

The laminate properties are listed in Table 11. The charac-
teristics of the laminates are apparent. It can be sesn

that the unreinforced portion (far-field) [O,t45,90]s is

quasi-isotropic. This is the 8 pl laminate forming the

basic panel. The other two configurations represent the

basic panel combined with reinforcesa.nt plies close tc the

cutout. Panels I& and 2A ([0,90,*43,90]s) have higher

moduli except in shear. Panels 1B and 2B ((t45,3,±45,90]s)

have equal moduli in the X and Y direction but are much
stiffer in shear. This difference in shear modulus may ba

seen in the photoelastic photographs of each pan.l under

stress as well as the finite element generated contours of

strain in &ppendices A through D.
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TABLE TI

.aterial Properties of rhe Laminate

No. of Plies

Laminate 0 Ex Ey 3xy VKy Remarks

rO,±45,90]s ( 4 7.03 7.03 2.83 0.244 BaSc Panel

(0,90,0,±45,90]s 8 4 8.06 7.74 2.22 0.154 "A" Confia.

f±45,0,±45,90]s !4 8 6.00 6.00 3.43 0.354 "3" Corfia.
* (Modulus x1OG psi)

No-e: The base panel pr,)er-ies zKist everywher n the
Panel except !Lt the raInforcem.nt around th- cuu.
The "A" aad "B" conf! arations are the proper'ies
iumediately next to t a cutout whare the r"ifor-em" "
is two plies thick on each side.

Because of the discontinuities in material proper-i=_s

and laminate thickness it is not currently possible to

analyze these panels usina the closed form mathematics

presented by 3arbo and Ogonowski for plain panels with

circular cutoats rRef. 121.

B. FINTTR ELEMENT ANALYSIS

Experimental tests ar=. both expensive and 'ime

consuming. If it =an be shown that oa ril rainforcement can
be successfully modeled, then optinization can be accom-

plished using numerical methods and only the firal

configurations need to be built and validated experimen -

ally. It has been pointed out that closed form sclutions do

not exist for laminated panels in tese reinforced confiqu-

rations. Finite element analysis was required to pred,"clt
the panels' response to a uniaxial tensile load. A finite

element anlaysis system named DIAL developed by LSMC

Structures Orginization was used in this analysis.
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DIAL is a general purpose two- and three-diiersic.'-

finite element analysis system. It =oasists of a family *o

independent programs (executable molules) called proc.szors.

The processors read and write to a 1Ata base establishel for

each problem. The processors are executed in a logical

order and may be rerun individually wi-hout :e-startin -!=
analysis from the beginning. DIAL'S library of element

consists of multi-order isoparame-triz sol- and corre-

sponding degenerate curwed shell and plate elemen-. The
* - material library can handle ges.oral anisotropic linear

materials, isotropic elastic-plastiz, nonlinear elasti;c

orthotropic, isotropic incompressible, etc. kn ex-ens v

library of post-processing routines allow for anraysis ¢.
developed data an. plottin .in a wile number of mcdes. The

analysis required for a notched panel under uniaxial t.snsion
was relatively simple. The panels' geometry was d Jfinsd by

glenerating a "mesh", the material properties of each ply
were specified, the loading conditions w-re appliad and tha

results tabulated and plctted.

1. Finite Olement iesh Generation

A two-dimensional modified thick shell isoparamstric

quadrilateral element was chosen as the best in terms of
accuracy and computer time to develop the mesh. Ths element

has a node at each of the four corners and one on each
element side allowing a parabolic :epresenta-ti:n. This mesh

was an improved version of the one 3'N eill devsloned. An

effort was male to keep the interior angles of the element

as equal as possible to increase th-. accuracy. Figure 3.1
shows a typical mesh for the panel. raking advantage of

symmetry, only the upper right qualrant of each panel waqs
modeled. Figure 3.2 is the mesh cl.)ser o tho Tutout

showing the node numbering method and the elemsnn' modeling.

25
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In order to increase the dansizy of the mesh v-i'hou"

drastically increasing run times nodal degrees of freeiom

were reduced. Since the panels were symmetric throligh 4h-a

thickness, out of plane l=-flections (Z direction) were

suppressed. Several test runs demonstrated that nodal rota-

tion was virtually nil. Supressin; these =o'ations rdced

run time by about 80%.

2. mat-rlj 9f 12

Material lefinition follows th. method of supq=posi-

tion. The material properties of i ein !l . ply of G/EP cloth

are first defined (see Table I). rhen the number of plies

and ply orientation for each element is combined using

linear laminate theory. rhis is done in the DIAL "MATL"

processor. In this manner each el.ment of the mesh may be

assigned specific properties.

C 3. Post-Process!

The parabolic isoparametriz elem-nt produces s-ress

and strain reactions at four Gauss points in the al-ment

interior. These points w.re somewhat off the true X axis.

A DIAL routine was used to extrapoiatz values at the Gauss

points to nodes on the X iris (Y=0. The strain field in

each panel was calculated and plotte usinq contours of

strain in the X direction, Y directions and in shear (eps-X,

eps-Y and eps-XY). These contour plots are included in

Appendicies A through D, Figures A.3-11, B.13-15, C.13-15

and D.13-15. Table III lists the aixisum and iinimum values

of micro-strain in each panel as calculated by the finite

element program. It is interesting to note that the "A"

configuration (0/900 reinforcements induces relatively high
shear strains. Also, note that the difference in max-mum

tensile strain in the Y direction between the 1531 ani 2069

reinforced cutouts in both the "A" and "B" configura'ions is
less than 2%.
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"II

TABLER III

Comparison of Finite Element Computed Strain

Strain: eps-Y eps-X eps-XY

-Il MAX MTN MAX M I N M AI

Panel 1A 0 3400 -1145 325 -681 3226

Panel 1B 0 3575 -1559 368 -439 2235

Panel 2A 0 3335 -1134 317 -675 3150

Panel 2B 0 3525 -1526 360 -444 2202

Note: Strain is shown in mico-strir (Cps x 106)

29
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The objectives of the expsrmenital testing w9.?e tc

verify analy ical and comput-ational :esults. A comparison

could then be made between computationil and expe!riental
results fcr the symmetric and assyz.tric uetho13 of rein-

4. forcement. All four of the syMZer ic rein_'f0ceen--

configurations analized by the DTAL fi.ia-'- e..fnt program
were experime:tally testod.

A. PANEL SELECTION AND CON STRUCTI3

The basic panel dimensions and ay'p were replica. cf

the panels tested or analyzed by O'.ie ill [ef. 17: p 561.
The dimensions are shown in Pigure 4. 1. The layup of th
basic vanel consisted of eight layers of HF 330/34 graphi--
epoxy cloth. The orientations of the plies was [0/45/9O ]s.
to produce a thin, high strength panel with q'as!-iso-rooic
properties. 'he panel limensions (thi:knqss, lsigth ani
wilth) and hoLe size were -hosen s3 as to be the same o:=e_

of magnitude as an actual &irframe :omponAnt. 7h. rein°
forcement plies were of tha same mitarial, and were co-cured
along wih th e basic panRs. during zanufacture. This was
done in lieu of reinforcing a curel specimen in order to
avoid bonding problems and the possibility of non-uniform

curing of the reinforcement plies. A tooled surface was
necessary during the manufacture of the panels to allow the
placement of the reinforcement on the undersild of this
panel. A flat steel plats was machined to the required
depth and geometry. This method produced a pan%! with a
smooth (plate side) surface on one side and a rougher (bag
side) surface on the other. The dlziensions of the

30
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Figure '6.1 Basic Panel Dimensions (in inches).

31



TV ~~-- V j

reinforcements were cut into the steel plate it right ancle

into the surface (see Figs. 2.1 an! 2.2).

B. TEST IPPAIRTUS MD PROCRDURES

The testing procedures and equipment setup were dqs'aned

to produce the same conditions used in O'Neill's tests of

the asymmetrically reinforced pane.ls. One di.ffrence in
testing was the use of a photoelastic plas.ic coating on one.
side of the panel. The panels were ill loaded in the test

4. machine below the level of any fibsc failure for several
repetitions in order to take preliiinary data and experiment
wth the photoelastic material measuring prccedur-s. The
number of loading cycles in each case was less than ten,
well below the number whih might cause any fatigue" damage.

A Riehle PS 300 test machi.e was used to apply

uniaxial tension to each panel. To listribute the load
.. across the width of the panel's too and bottom a "whiff

tree" attachment device wLs use4. the device was desig.ed

and built by O'Neill and was used in an identical manner
(see Fig. 4.3).

The test panels were boltel to the whiffle -ree and
then secured in the Riehle's tension jaws. Eight bolts
torqued to 100 in-lbs hell the plates to the panels, an,
four bolts transferred the load fra the whiffle tree to the
plates. The whiffle tree was desi±;ns to withstand 100,000

41 . lbs load in order to test the unnotchgd panel during the

asymmetric testing, The unnotched sample was expected +o
fail at arouni 67,000 lbs and actually failed at 65,000 lbs
allowing for greater than 50 safaty margin. The attachment
device was constructed using 130 Stoel, and all the bolts

were high strength, close tolerance steel bolts.

'S 32
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*Figure 4.2 Test kpparatus.
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Two metheds of acquiring s-raii data from the t.s-

Danels were used. Strain gages wer . applied to one sils of

the panel and contourable photoelastic plastic was bonded to
the other. It was thought +hat the redundancy of data

obtained woul provide a cross-check to verify thc. results.

The photoelastic coating would also provide photographic

evidence of the strain distributioa around the cu'ou-.

a. Strain Gages

Vishay Micro-Measurements 120, 350 .id 5000 *hm
strain cages were used to measure the s-zain a* points of
interest. O'qeill's study showed that asymmetric -inforce-
ment configurations had induced curva-:ure near -he hole,
with a resultant strain gradient through the thickness. For

this study, since both the base pamals and the reinforce-
ments were symmetric there were no ou--of-Plane deflections,

and strain was constant through the thickn-ss at any point.
Thus strain gages could be applied t: Dnl or side cf the

panel without loss of daa.

Strain gages were concentrated along the X axis,
(perpendicular to the load directiont , primarily oriente d in

the load direction (see Figs. A-D.1 and Tables Yr-_X in the
* appendicies). Small strain gages (3.03 in. along a sids)

having 5,000 ohs resistance were plicad closest to the hole

and on the reinforcement layers. rhe 5,000 ohm gages were
chosen to minimize problems due to self-heating and apparent

strain drift. Sullivan discusses this phenomna in his
study of plates under compressive loading [Ref. 21]. The
small gage length was chosen because the overall error for

integrating strain gradient is proportional to the gage's

length. Reference 22 discusses methods of measuring hiqh
strain gradients around stress concentrations and the errors

which may occur.
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The number of gages, their type ani locaticn
. varied with each panel. As experience was gained frcm 4.h4

preceding panels, the best location and type gage was sought

for the strai2 distribution and laminate layup.

S'andardization of strain gage locations amona the panels

was not used lue to differn 4 reinforcament sizes and layup.

A close approximations of gage locitions was attempte. to

facilitate comparison of data. The information for each

panel gage layout is given in Tablas VI-TX, ar ±igurzs

A-D.1, in the appropriate appendix.

b. Strain Gage Mesurements

A Vishay Measurements 3-3up System 4000 was usel

* for strain gage scanning, data recorling and zeduction. The_

system consisted of a Rewla.t-Packird 3825T lss'top compute:

with a controlling software program, and five Vishay

Measurements 3roup Model 4270 Strain sage Scanners mo -i

in parallel r.sulting in a one hunlred channel capabilily

(see Fig. 4.2). The system was usei with automatic tempera-

ture compensation channels for the lifferent types of strain

gages. Channel assignment and gag: factors for all the

gages were initialized, and all rossettes designated. The

A: system recorded and reduced all data when commanded. It is

- " capable of automatic (at set time i.tervals) data recording,

but that feature was not utilized for this experimint.

Instead, data was taken on command at fixed load intervals.

c. Photoelastic Coating

Due to te reinforcemeat .raometry aro'und th-e

hole it was necessary to ase a con-:.urable photoelastic

coating. Its thickness was chosen to gi. a zood color

definition anI not significantly add to the reinforcement.
prcdre'pcii-"ytemauat.e o -atn andh
The material has a ncminal modulus of 1420,000 psi. The

J' procedures fpe.cifil by the manu-_&:tarqr for casting and
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application were followed Ref. 23]. rh4 thickness of 'h-

photoelastic =oating was kept tf a minimum to preven- any

significant reinforcement to the coiposite ma ?rial. T'-

first two pan.ls, 1A and 2A, received catings -pproxi-

m.tely 0.080 in. thick, -.hile the last two panels' coatings

*.. were reduced to 0.060 in. as the exporimenters' abiliti-s

increased with experience. The photoelastic plates wer

bonded to the panels with a r.flectivs, epoxy -'uo.

d. Photoelastic .leasurement Equipmen,

A Photoelastic Reflective Polarisc3pe, tso .el

030, from Photoelastic Inc. was used to make strain measure-

ment from the photoelasti" coating. The Basic Analyze:,

Model 031, consists of twD ball bearing mountel

Polarizer-Quarter wave Plate Assemblies attached to a common

frame, and me-hanically connectqd s3 as to rotate in unison.
The assembly was equipped to receive the (polarized) light

source and accessories for measureaents of s-rain (se-

Figure 3.7). The Basic Analyzer m,asures thre- major vizcs

of data:

1. The directions of the principal strains or stress.

2. The magnitude and sign of the tangential stress at

free boundari-s, or in any reqioa of uniaxial stress

.. -- condition.

3. The magnitude of the 4ifferaace of the principal

strains.

Ta order to separate the principal strains, an

Oblique Incidence Adapter, Model 033, was us.d. The Oblique

Incidence Adaoter attached directly to the Basic Analyzer.

.'' With the two measurements obtained (normal and oblique inci-

. dqnce) and the tw3 unknown principal strains, the equ.ticns

can be solved for orincipal strains as is detailed in

Reference 24.
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Figure 4.LI PhotoelaStiC Reflection Polariscope.
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3. Test Procedures

The procedures used to obtain data for eaChi o_-

four panels are outlined below. Thase were Ider -6c~l -to

those used in the asymmercpne etn withi the ecep

tion of the photoelastic procedures.

1. The whiffle trees ware attazted to the Panel to be

tested. The upper whiffle tree was clamped in the tor)

ljaws of the Riehie lachine, and the strair aacve lead

wires connected to the System U~00. WiJ.th "he pare'l

hanging freely, initial gage cali-bration and zrc st-rair

readings were recorded. The pho)toalastic coating was

examined to insure that a uni f or~ zzro loalin was

present .

2. The lover whiffle tree was ziamoel in'o the Rlimhlz

Machine, amd the panel was slowly lo)ade-d to 2,500 psi.

Any slippage or slack was taken out of the systetm andth

load set to an initial 2,500 psi-.

3. As loal was increased, straia gage readings and cclor

pIctures of the photoelastic coiting were taken every

2,500 psi. The panels were slowly loaded until tIhe first

audible breaking of fibers in the pan,?l was hsard.

4i. The load was reduced to 2,5)) psi4 and the camera

* reloaded with black and whita fila for Pictures with a

monochromatic filter.

5. The pamels were again loaded in 2,500 psi increments.

As the strain near the edge of the hole approachqd 1%

(the anticipated upper limit of the strength of the

panel), data was recorded every 1,0)0 lbs wit hou t
* stopping between load increments.

4., 39
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6. The load level of first audible fibe.r breaking _nd

any other 3ignificant information were recorded.

7. The loading ccntinu-d in 2,503 PSI incren;nts until

failure occured.

Since the panel was not of uniform thickness it was

decided to normalize the load by area to pounds per square

inch (psi) rather than use the pounds per inch (strsss
resultant) normally referred to in plate theory. Thc pcund-s

per square inch loading refers to ths load apnlizd alona -I'm
top and bottou of the pan-l. The 3am-e problem arose whsn

trying to relate stress over a plate cross section whCss

thickness was varying (at the cutcl: 9)0 to -he applied
lead) to the strain gradients. Si -z strain is ' e -uantity

easiest to measure experimentally ;t was used as the nrin-
cipal means to compare the panels.

C. EXPERIHEI!&L RESULTS

1. AqSs~etric _ oeen Results

The average failure load for the two unnc'ched

samples tested by O'Neill was 65,000 lbs. (58,336 psi.).

The average failure load for the two notched but unrein-
. forced panels was 36,000 lbs. (32,143 osi far field stress)

wi th the extrapolated strain at the edge of the hole being

about 10,000 nicrostrain or 1, elongation. The ratio of the

p .failure load for a panel with a cutout but not reinforced to
the failure load for the unnotched panel (P/f.o) was about

55%.

~~2. S e.KMJ R*;Lgor-2d E11l ftsults

The symmetric reinforcements provided signif ican.ly

greater reinforcement than the asyametric. Ne visible signs

of deformation or buckling during loaling were evident in
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any of the panels; however, uneven loaling was noted cn

panel 2B as indicated by the photoalas-ic coati.as and
strain gage data. Like the asymmetric panels from Re.'. 17,
the panels from this study had the characteristic fiber

cracking noises, but the onset was lalayel somewhat. The

, '* first audible cracking occarred around 21,500 psi fcr all

the panels. rhis cracking in the asymmetric panels sarted

between 18,750 and 20,500 psi. The first indication was a

loud "pop", much louder than subsequent noises. The initial

fiber (possibly an entire tow) failure was followed by
softer but steady "pings" of fiber failure. This ncise

level varied from low to moderate with sharp spikes cf moz.e-
from loud "pops" of fiber breaking it occasi. n-., seeminaY.y

random intervals.

All the panels failed suddenly wi-h separation

beginning at the point of maximum strain, at the edge of the

hole 900 to the direction of appliae load. There was

evidence of delamination at that point extending 1/3 to 1/2
of an inch into the laminate. Failures progrqssed from the

edge of the hole horizontally to th- cutq: edge of the

panel. The failure lines were fairly straight, coinciding
with the X axis, except for two 30 d.egrqse crack diversicns

(see Figs. A.8 and C. 12) . These are not considered signifi-

cant, but are more indicative o,! th3 basic inhomcgeneity of

composite materials.

The strain gage data was essentially lin.ar to
failure for all gages. Sqveral of the 5,000 ohm qaqs nr

the hole failed prior to final panel failure. It appears

that the backing material of these ;ages is to stiff and

can not reliably accept more than ibout 7000 microstrain.

Linear extrapolations were made for these gaggs to the point

of final panel failure. It should be noted, however, that

some non-linear behavior was demonstrated for gages in

similar locations that did not fail just prior to panel

fract ure.

:N-7~



The ph3toolastic coatings provided excellent data on

strain behavior near the stress conzentration. Prior +o

failure, two of the coatings started to pull free around thz

edges of the panel but still provila. good photographic

results close to the cutout. Problems in obtaining accurate

readings when using the Obique Inciance Adaptzr prevented

the measurement of the principal strains from the photoe-

lastic coatings at different locations on the panal surface.
Not enough contrast could be developed to accurately id.n-

tify the isochromatic linls. Monochrozatic photographs di_

provide valuable evidence of the strain gradient near the

cutout.

a. Reinforcement Zonfigurition 1X

Panel Ii had the smaller of -h i rsirforc.ment

configurations with all layers oriented in the direction of
the applied load (0/900). The pansl failed at (2,590 psi

which is a 33% increase over the unreinforced panel and

gives a P/Pc ratio of 73.4%. The strain gages functionsd

properly throughout the testing of this panel, and gave

reliable data all the way to failure. The r-sul's shown in

Fig. A.3 display a linear plot of strain versus load for all

gages until the fracture point is approached. Ex-rapclating
data to the edge of the hole shows the strain to be approxi-

mately 10,000 microstrain or about 1% elongation. The gages

located at points of high stress gr~aients, i.e. near the
hole or a reiiforcement edge, have strain vs. load curves
that appear to flatten out near frac-ture. Figure A.2 plots

the strain versus location along thl. X-axis at 10,000 ns-

far field stress. The plot shows a standard strain curvq

increasing rapidly close to the edge of the hole.

The photoelastic material remained bonded to
panel IA throughout the testing. .hotographs of fringe

progressicn are provided in Appendix A, Figures A.4-7.
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During this initial test, monochromitiz- photographs werc

made first and then color photographs were taken to failur.

Monochromatic pictures were taken only up to the point of

first fiber failure (21,200 psi), after which color photos
were taken. in subsequent testing, the order of color to
black and white photography was reversed so that more
pictures closer to failure could be included in this report.

b. Reinforcement Configuration 2A

Panel 2k had the larger of the two reinfocem.ae
configurations with all layers oriented in the 0/900 direc-

tion. This reinforcement provided a 43% inc-ease in

strength with a failure at at a load of 4!4,940 psi. ? /?o

for panel 2A was 77.4%. rhe first audible fiber bre.aking

occurred at 21,512 psi.

The strain gage closest to the hole failed

during loading between 25,000 and 27,500 psi (last rcodsd
data for gage no. 1 is at 25,000 Psi). Thq data frcm h-at

gage was questionable throughout the loading sequence, and
was not used for this analysis. Its initial readirgs showed

a lower strain than the next neighbring gage which was

farther from the hole. Estimated strain data for a gag in
the same position provided in Fig. 8.3. Extrapolating the

more reliable data from other gages ind th finite element

solution to the edge of the hole s!ows that thc! strain was

again about 10,000 2icrostrain or 19 elongation for the

0/900 reinforcement orientation. Plots of the data for this

panel are provided in Figures B.2-3.

In this test, the photoolastic coating star'ed

to separate from the composite panel in the uppsr and lower

right corners, ani separation progressed toward the strqss

concentration as the load incrgased. rhis detiahment did

not reach or affect the regions with high stress gradients,
and therefore photoelasticity proviled good data for
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* analysis. The photographs may be found in Appendix B,

Figures B.4-11.

c. Reinforcement Configura!tion IB

Panel 1B had the smallsr of the reinfor.ement

configurations with 145 o orientatiois. The panel failed at

2,500 psi which represents a 32% iazrase ovar the u--rin-
forced panel, and gives a P/Po of 73.2%. The first audile

fiber breaking occurred at 21,339 psi.

Again problems occurrel with premature gaq.
failures. Gages I and 13 failed during initial testing It

loads below 15,000 psi. Testing wis stopped, and the cages
were replaced. Gage 1 failed agaia at over 11,07 micro-
strain, between 35,000 and 35,715 psi. The data provdel to

" that point appears to be valid. Gije 4 failed after cn.ly

5864 microstrain (between 40,000 and 4.,279 psi), but i-s

data also appears valid up to the point of failure.

Extrapolation of the data to the ele of the hole shows thq

strain at failure to be approximately 13,500 micros-rain.

Plots of these data are given in Fi;uas C.2-3.
The photoelastic coatiag also started to sega-

rate from the panel in this case. it started separantinq
from the lower right corner at 30,)) psi and progresse.
toward the hole. rhe separation dil progress into the area

of high stress gradient after loads of 35,000 psi, thus
invalidating any further data from its photographs (see
Figure C.10). Photoelastic photographic results are

provided in Appendix C, Figures C.4-11.

d. Reinforcement Configuratioa 2B

Panel 2B had the larger reinforcemnt configura-

tion with t450 ply orientation. This reinforcement provided

a 29% increase in strength with a failure at 41,429 psi.

The P/Po was 71.4% for this panel. The first audible fiber
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breaking occurred at 21,650 psi. train gage and photo.-

lastic data iadicate that this panel was no evenly loaded.
Strain gage failures prior to final panel

failure were a problem with this panel also. 3age 2 failed

after 7595 mi-rostrain between 25,030 and 27,500 psi. Gages

I and 3 failed after 7885 and 5484 mi.-rostrain resDctiv.ly
which was between 27,500 and 30,003 psi load on the pane!.

Data from all three gages appeared to be valid up to tho

failure point. Extrapolation of the data to the hole's edge
indicated that the panel failed when the strain at that

point reached approximately 12,500 icrostrain, corre-

sponding to about 1% elongation for the 145 0 orientation.

Plots of strain gage data are provided in Figures D.2 And

D.3.

A comparision of strains at different strdess

levels was male of panel 2B. Figure 4.6 shows the strain

gradient at 10, 20, 30 and 40,000 psi far fiel load on the

panel. The gradients show that the panel behaves almost

* perfectly linearly. Within the accuracy of the strain gages
(±5-6%) the strain at 40,000 psi, at all locati.ons, is a

multiple cf four of the strain at 10,000 psi. It is inter-

esting to note that the .he slight variations in strain at
1.7" and 2.3" from the hole are maintained and linearly

increase with load.

The photographic data provided excellent
material for analysis of fringe progression near the stress

concentration. Figures D.4-11 in Appendix D show the fringe

progression.

Tables IV and 7 provide a summary of the experi-
mental results. In Table IV the various failure values are

compared. The failure load refers to -he total panel

failure, the load at which it came &part. Failure strain is

the strain in thq Y direction at the edge of the cutout, 900
to the direction of the applied loid. The values of
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microstrain are higher for the B (primarily 450) configura-

tion, but represent approximately 1% strain of the fibers in

'he ply axis. It is interesting to mote that th- first

TABLE IV
Experimental Results: Failure Values

Pan F ailue TFaiure First Auible- Failure Load
INo. Loa d Stla in, P iber Failure pe.tio

(P I pi) (M cro~ Load (PSI) I (P/Po)

l _A 42,590 10,000 21,200 73.414
•.4, I

4 -- -- - - - --------------

2A '44,940 10,000 I 21,512 77.43

*.! L... I
2B- 41,429 12,500 21,650 71.4',

audible fiber failure occured at virtually the same load for

each panel. rhe failure load ratio (P/Po) is a mcasure of

the ultimate strength ratio of the notzhed panpl +o an

un-notched panel. Ideally, the goal is to regain all th-

lost strength with reinforcement anI rsach a P/Po ratio of

100%.

Table 7 is a further coaparison and analysis cf

panel failure. As discussed above the reinforrImrn- weiaht

was compared to the volume of material removed from the 1.0
in. dia. cutout. In the "1" confijuration 162% :f the

volume was -eplaced as reinforcement; in the "2" configura-
tion 206% was replaced. rhe "Increase in Failurs Load" and

"Percent Improvement" refers to the increase over an unrein-
forced panel with 1.0 inch diameter hole. The "Specific

Improvement" refers to the result o! dividin. th% "Percent

Improvement" by the percent of hole volume represented by

44
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TABLE V
Experimental Results: Failure Comparisons

I Panel Reinf. Increase I Pa.-ant Spci
No. I weiht in Pail- Ip.-veimsn- ImProvemnt I(% 1 Ole ure Load

1 I volame) (PSI)

1 162.5% 10,447 32% 0.200

2A 206.3% 12,797 40% 0.193

1B ( 162.5% 10,357 32% 0.198

2B 20.3 F 9,286_1__29%___T__3.140_ I

the the reinf3rc92ent; using panel 1A for ex mopic:

32% / 162.5% = 0.200. Ths signi4fiance of th.se results is

discussed in letail in Chapter V.
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V. DIsCss~oJ oF BISQLT

A. SYNNETRIC REINFORCEMENT RESULTS

The failure of all the panels )c-curel at the pr.dicted

location of the highest stress conreintration, i.e. the point
on the cutout 900 to the applied taasile load. They failel

catastrophically, without warring ,r visible signs of ismi-

nent fracture. Consistent with th, aaturs of composite
* (brittle) materials, there was no visible hole distortion.

Continual micro-fiber breaking was aviden , aulib!y from its

initiation at approximately 21,500 ps-i until_ final failure,
but there was no su4den change in n isi level just prior to

failure.

.1- 0/0 11:_.in2.r=.q.m~n Orientition

The "A" configurations, which had reinforcements in

the dir, ction of the applied load (3/900), appeared to have

a predictable failure level. That is, when the point with
maximum stress concentration (the point on the edge ef -he

cutout 900 to the direction of the tpplisd loal reached

approximately 10,000 micro-strain or 1, elonga t ion, the
panel failed. Reinforcement reducal the stress around the

hole by increasing the cross sectioaal area over which 'he

load was distributed. It allowed a higher load to be
applied before the material next t3 the cutout elongated 1%.
It would be expected that increas i ng the cross sectional

area in regions of high stress con:entration would increase

the ultimate strength of the panel. The results comparing

specific gain in strength (% gain in strength / % addad
weight) in table IT seem to point t3ward another conclusion.

The total applied volume of reinforemeant would appear to be

~..49
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the principal factor in the improveaent in ultimate

strength. Obviously, however, this result based upon such a

small sample is hardly sufficient to Io anything cther -han

point out the need for further testing.

2. t!LS! _ainfo-cement Orientatiin

The "B" configurations with reinforcements criented

in the ±450 directions have results that Ic not appsar to be

as easily characterized as the "A" =onfiguration. The

apparent strain at the edge of the hole and the: failure? loal

were both less for configuration 23 (the larger size rsin-

forcement) thin for IB. Both of the "B" configurations did

allow more strain at the edge of the hole than eithe.r of the

"A" configurations. The orimarily 050 orientation makes

the material more compliant and allows higher strain before?

panel failure.

The 28 cofiguration failel a- a load lower than

would have been expected :onsider!ag the response of the

other three panels. There is some .7idence bcth in the

strain gage readings and the photoelistic photographs to
indicate that the load was no, uniformly distributed across

the width of the panel. Figures D.4-11 show slightly higher

strain qradients on the left side of the hcle. Pigurs D.2

shows the strain gage values at 10,300 psi. The variation

between the two values at about 1.3 inzhes is the dffference

in strain between gages 7 and 8 (sea Fig. D.1). The two

gages are almost equidistant from tie hol center, bu on

opposite sides of the panel. The lifference in strain indi-

cates an unequal loading conliaition. This panel failed at

a load ratio (P/Po) 6% less than the 21 configuration. This

early failure is what wou!l be expa:ted considering the load

condition.
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The ability of the primarily ±450 (aroun! the

cutout) laminate to exhibit more compliance with appar.n-i.y

little less in ultimate strength (:p.r . failure leads of

ptnals 1A and 1B) is significant. rhis orientation may

provide designers more flexibility to design lighter struc-

tures when the load direction is known. The 0/900

orientation provides its maximum reinf3rcement when applied

load is parallel to the Y axis. Any other lold orientation
would produce higher strain and earlier failure.

3. svmmeri - cund azg.=2fcpi.a ts

" The asymmetric rei-aforcmnt schem.s ussd by O'Neill

C[af. 17] did not provide significant increases in st-r-ength
over the basic notched panel. hlthough only a small number

of specimens Was tested, in no case was the improvement morn

than 12%. The computational results for O'Niell's confiqu-

rtions 1A and 2A (±450 orientatio.l showed that for a

10,000 lbs (8,929 psi) load the mizro-strain f-r the point
closest to *he hole at the. 90 degraa from the tznsile_ stress

we s:

Frot ack a= e

1A: 1700 3300 2503

A 2A: 2250 3200 2225

The strain gradient through the thickness if th- panel at

the hole edge was very steep, and coull cause delamination

due to the interlaminar shear forces, which would contr-but.

significantly to early panel failure. Thus 4t is to be
4 expected that symmetric ra.nforcemets, which Io not hav.

this problem, shoul4 out-perform a3ymmetric reinforcement.

"'" 51
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B. COMPARISON OF COMPUTATIONAL AND EXPERIBENTAL RESULTS

The strain distribution along the X axis prelicted by

the finite element analysis is plott-1 with the r.-:i gage

me-asured values in the aDpendicies (Figs. A throagh D.21

The finite element sclution is very clase to the expari-
mental results. Very close to the .3e the analytical

solution predicts a very high strai. gradient. This i-

execptionally difficult to measure with any accuracy [Refa .

22]. At strains approaching 1% there is probably some

strain relief provided by matrix cracking an4 load tr-anfer

within the laminate and some local l.formation. Ths instru-

m-ntation utiLize.d was not accurate anouqh 1.e-ct these

reactions. The finite element codi used does iot account

for these nonlinear behaviors. Mora than about 3.05 inch.s
from the cutout the analytical solution almost exactly

matches the experimental results. Further comparisons might

be more economically done computatiorially until an op'imal

configuration was found. This geozamtry coull then be vali-

dated experimentally.

C. FAILURE PREDICTION

The failure of the panels with 0/900 reinforcment ply

orientation occurred when the apparent strain at the sdge? of

the hole reached 1% elongation. The rainforcements reduced
the stress in the region near the 31a and thus allowed the

panel to with3tand a higher load before failing. The prir-

cipal fibers failed at 1% elongatin and pan:l fracture

initiated.

The *450 ceinforcqments failed when the panel strain at

the same point was considerably hijhar. However, when the

indicated strain at the 90 degree p~iat of thq cutout is

approximately 14,150 micro-strain, the strain on the

individual 450 fibers (in the ply 1-2 ixes) is 10,000
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icr o-strain (1% 9longation). Therefore, ths pa~l 4-=

at approximately the point where the reinforcemert fibqrs
ware strained beyond capacity. Bey~rnI 1.1% el!ongation th.

0/900 fibers Ln the base panel had probably all failedI and

the stress was being carried by ths reinforcement fi-bers.

Panel failure occured when these ±450 fibers ware str--.irmed

to their limit (1%) .

While definitive predictor of fiiilurs for Ithis 1-ype

panel is not possible without further nss-;ng i4t is obvious

from even the few specimens that the ply strain li-mit of

this material is about 1%. Damage to the pan-el (however

minor) begins at about one-half thq limit load and

progresses steadily until failure. rhs damage, in itself,

does not appear to be the primary :-ause of failUrS in low

cycle applications. The presence of symmetricrino uen

A around a cutout reduces the stress and increases the load
carrying ability of the notched paneal. This increased

ability to carry a load, ap to almost 75% of -he unnotched

* ~panel strength, merits Consideatloa In fature est

critical designs. Altern!ate reinforcing gsom=t::ers auc as

inzreasing the thickness next to the cutout miay yield sven

better results.



VI. SUMMAR! AND CONCLUSIONS

A. GENERAL

Symmetric reinforcement of cutouts graphit - poxy panels
is a viable method of significantly reducing the strain ir

the vicinity of a stress raiser and thus incrma- ina pane!

ft strength when the panel i-- subjected to uniaxia. tensile
stresses. The best reinforcement -onfiguzaticn for this

loading condition cannot be determined with the limi.sd

results of this study. Some genera.I observations can be

made, however:

1. The 0/900 ply reinforcement provided the bsst strain

reduction; the panel was made stiffer.

2. Strain reduction due to 0/933 degree reinforcement

increased proportionally to the imount of reinforcinent

added.

3. The increase in panel failur_ stress p!-- unit w:ight

of reinforcement was approximately constant for three of
the fcur specimens.

4. The ±450 reinforcements allDoed 25 to 35 percent mcre

flexibility (compliancel than the 0/900 rei.nforcements.

5. A strain of 1% for the fibers of a symmetric rein-

forcement (no induced curvaturej appears to be a good

predictor of Danel failure.

6. Symmetric reinforcement proviled a 29-439 improvement

over the unreinforced notched panel, versus the 5-121

improvement given by asymmetric reinforcement.
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*9. The DIRL finite element projram provides accurate
results that correlate well with experimental data.

These conclusions are based on the small number of spocimzns

tested in this study. The da4-a for these samples do appsar

to be reliable and accurate.

B. SUGGESTED FURTHER RESEARCH

Furter rsearch in this area would ~ert ~o

Significant vllue:. An attempt. to 1r:rify the apparently

direct -relationship between added rainforcem:ent volume

(weicht) , and Increase ultimate fai'lure stress would seem to

bez the next step. If this relationshiu is of limiteda~i

cability, them the question of re-ifo-rzement thicknesss
(three or more plies) seems t etelgclnx tp

Additional questions which could be adl:essed includ e:

1. Is the:e an optimum reinforzzement area? That i4s, is

there a r-einforc%-emen-di4ameterz-to-hole-di-amet-er ratio

that provides the most efficient rainforcement?

2. Which increases the rqinf-orcement effect more eaffi-

ciently: a large diameter reinforcement or a grqatpr

thickness?

3. Is 1% fiber elongation an alequate? failure crite-ri'on,

especially in the region of highest strain gradisnt, ne-ar

the hole?

4. Do the data from analysis and tests of this type

composit- itaterial loaded in uniaxial tension apply -to

other types of loading?

Another p-3ssi-ble study would be the investigat-ion of

submerging the reinforcement under one or more plies of the

.laminate.

.. g. 55
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TABLE TI

Panel lA: Strain Gage Locations and Strain at 10,000 psi
(Par Field}

G# -Coord. Y-Coord. Strain

1 0.5570E+00 0.0008E 00 0.2061E-02

2 0.5 870E+00 0.0920E+00 0.1742E-02

3 0.6690E+00 0.0120E+00 0.1392E-02

4 0.8610E+00 0.0470E+00 0.1210E-02
.

5 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+01 0.0080E+00 0.1142E-02

9 0.1856E+01 0.0080E+00 0.1135E-02

4. 10 0.2013E+01 0.0110E+00 0.1162E-02

* 11 0.2343E+01 0.0180E+00 0.1165E-02

12 0.2495E+01 0.0180E+00 O0.1231E-02

13 0.2647E+01 0.0180E+00 0.1182E-02

14 0.2810E+01 0.0210E+00 0.1251E-02

15 0.2972E+01 0.0210E+00 0.1199E-02

16 0.3127E+01 0.0230+00 0.1260E-02

17 0.4840E+00 0.3480E+00 0.1644E-02

18 -0.0190E+00 0.5970E+00 -0.3660E-03

19 -0.8610E+00 0.0470E+00 -0.3800E-04

20 0.50503+00 -0.0320E+00 -0.6570E-03

21 -0.1477E+01 0.1365E+01 -0.4800E-03

22 -0.1413E+01 0.1431E+01 0.3980E-03

23 -0.1369E+01 0.1493E+01 0.1433E-02

23 -0.0170E+00 0.4578E+01 0.1217E-02

a.5

._
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Figure A.14 Panel Uk: Photoelastic Panel at 50,000 psi.
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Figure A. 7 Panel 11:o Photoelastic Panel at 20,000 psi.
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TkBLE VII

Panel 18: Strain Gage Locatin and Strain at 10,000 psi(Par Field)

G# X-Coord. Y-Coord. Strain

01 -0.5505E+00 0.0060E+00 0.3111E-02

02 -0.6785E+00 0.0125E+00 0.2158E-02

03 -0. 8065E+00 0.0030E+00 0.1606E-02

04 -0.9795E+00 0.00102+00 0.1473E-02

'p 05 0.1195E+01 0.0210E+00 0.1398E-02

06 -0. 1300S+01 0.0225E 00 0.1350E-02

07 0.1476E+01 0.0075E+00 0.1236E-02

08 0.1636E+01 0.0065E+00 0.1287E-02

09 0.1801E+01 0.0050E 00 0.1279E-02

10 0.1960E+01 0.00308 03 0.1322E-02

11 0.212 4E+01 -0.0020E+00 0.1338E-02

12 0.2278E 01 -0.0065E+00 0.1346E-02
. 13 0.5555E+00 0.0070E+00 -0.1789E-02

14 0.1120E+01 0.0210E+00 -0.2180E-03

15 -0.1915E+01 0.0220E+00 -0.1920E-03

16 0.0380E+00 0.5520E+00 -0.6050E-03

17 -0.0075E+00 -0.5760E+00 0.32508-03

18 1.1515E 00 0.7728E+01 0.1604E-02

19 0.0840E 00 0.7794E 01 0.5830E-03

20 0.0195E+00 0.7871E 01 -0.2860E-03
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Figure B.11 Panel 13: Photoelastic Panel at 50,000 psi.
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Figure 3.6 Panel 13: Photoelastic Panel at 15,000 psi.

Figure B.7 Panel 13: Photoelastic Panel at 20,000 psi.
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Figure B.10 Panel 15: Photoelastic Panel at 35,000 psi.
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,. TABLE VIII

Panel 2A: Strain Gage Locatign and Strain at 10,000 psi
(Par Piefd)

G# X-Coord. Y-Coord. Strain

01 0.5990E+00 -0.0025E+00 0.1715E-02
02 -0.6220E+00 -0.0115E+00 0.178LE-02

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

04 0.8885E+00 -0.0225E 30 0.1162E-02

05 0.1114E+01 -0.0200E 00 0.1122v-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+01 -0.0100E+00 0.1255E-02

11 3.2186E+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 -0.2060E 01 0.0010E+00 -0.3520E-03

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

17 0.0085E+00 -0.6420E+00 0.7200E-04

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 0.1320E-02
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Figure 0.4 Panel 2A: Photoelastic Panel at 5,000 psi.
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Figure C. 8 Panel 2k: Photoelastic Panel at 25,000 psi.

[Figure C.9 Panel 21: Photoelastie Panel at 30,000 psi.
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Figure C.10 Panel 2k: Photoelastic Panel at 35,000 psi.

Figure C.11 Panel 21: Photoelastic Panel at 40.000O psi.
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91

-p

a. . .. .*.a.. -**'

"\..* 1090 ,



.1.5

4 .

1 -1090
2 -872

-t 3 -654
4 -436
5 -218
6 0
7 218

MIN: -1134
MAX: 317

I

.2 .4 .6 .8 1. 1.2 1.L4

Figure C.14 Panel 2k: Eps-X (xlO') Contours Near Cutout.

92

g



.4..1 -545
2 0

. -3 545
4 1090
5 1635
6 2180
7 2725

0.0- MIN: 675
MAX: 3150

Figure C. 15 Panel 2A: Bps-X! (zlO'1 Contours Hear Cutout.

J. :



Pk&EEL 2B

49

IA



IInc

i* m

U)

Uj,

ww
C1-

Figue D 1 Pnel2B:Straa Gge Lcatons

95z



AD-Ai39 998 ANALYSIS OF SYMMETRIC REINFORCEMENT OF GURSI-ISOTROPIC 2/2
GRAPHITE-EPOXY PLA..(U) NAYAL POSTGRADUATE SCHOOL
MONTEREY CA D H PICKETT ET AL. DEC 83

UNCLRSSIFIED F/G it/4 NL

*uuuuENuEuuIIIlEEEE



lb

MICROCOPY RIESOLUTION TEST CHART "
NAT-ONAL .G

u

K OF STAWARN - 1963 -



TABLE 11

Panel 23: Strain Gage Locati us and Strain at 10,000 psi
hk (Pa P.3ld

G# -Coord. Y-Coord. Strain

01 3. 564 5 E+00 -0.0065E+00 0.2697E-02

02 -0.5665E+00 0.0085E+00 0.28140E-02

03 0.72001+00 0.00101+00 0.1779E-02

041 -0.75201+00 0.0130E+00 0.1739E-02

405 0.88145E+00 -0.0070E+00 0.1365B-02

06 -0.11281+01 0.0015E+00 0.1135E-02

07 0.133512+01 0.0055E+00 0.12621-02

08 -0. 1374E+01 0.02145E+00 0.1058E-02

09 -0. 1533E+01 0.02140E+00 0.1111E-02

10 -0.1697E+01 0.0230E+00 0.1107E-02

11 -0.18521+01 0.0165E+00 0.1164E-02

12 -0.20191+01 0.0165E+00 0.1082E-02

13 -0. 2170E+01 0.01651+00 0.11601-02

14 -0.2338E+01 0.0165E+00 0.11149E-02

15 -0.214921+01 0.0165E+00 0.11L44E-02

-~16 -0. 2655E+01 0.01651+00 0.1151E-02

17 -0.28151+01 0.0165E+00 0.11211-02

18 -0.75201+00 0.01302+00 -0.30701-03

19 3.17102+01 0.01001+00 -0.23801-03

20 0.0100E+00 -0.5915E+30 -0.6220E-03

21 -0.00801+00 -0.7746E+01 0.14041-02

22 -0.0790E+00 -0.7812E+01 0.6610E-03

23 -3.11475E+00 -0.7878E+01 -0.40603-03
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* Figure D.S Pael 23S: Pkotoelastic Panel at 5,000 pl.
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Figure D.6 Panel 2B Photoelastic Panel at 200000 psi.
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