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SUMMARY

Strain messurements and strength tests were made on six skin-
stringer panels under axiel loesd. Three of these panels hed short
rectanguler cut-outs, and three a long one; the width of cut-out was
gbout one-half of the width of the panel. Thiee types of coaming
stringers were used: without reinforcement, with riveted-up
reinforcement, or with integral reinforcement. The strain meesurements
were found to be in good agreement with & previously published theory
adapted where necessary by maeking overlapping assumptions.

INTRODUCTION

In reference 1 a method was given for calculating the stresses
around rectangular cut-outs in skin-stringer panels under axial load,
and strain measurements made in the elastic range were presented to
substentiate the theory. In the present paper, this work is extended
to panele in which the coaming stringers (stringers bordering the
cut-out) are reinforced in the region of the cut-out end asre tapered
to the basic stringer section. The tests as well as the analysis
cover the elastic range and the ultimete load.

SYMBOLS

Aq effective cross-sectional arsa of all continuous stringers,
exclusive of main stringer bordering cut-out, square inches
\

\

~ A2 effective cross-sectionsl ares of mein continuoue stringer
bordering cut-out, scuare inches

p A3 effective cross-sectional esree of all discontinuous stringers,
‘ sguare inches
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by distance from Ap to centroid of Ay, inches

Do digtence from A to centrold of A3, incherg

L half-lcngth of cut-out, inches

o] normel gtress (in stringers), kips per square inch

T shcar stress (in sheet), kirs per square inch

P load on (whole) penel, kivs

Subscripts

all allowable

max ma.xi mam
it ultimate

TEST SPECIMENS AND PROCEDURE

Spceimens.- The test apecimens were gix doubly symmetrical nenels
of 245-T cluminum alloy with sixtecn stringers. They were divided
into two groupg of thrce npenels; the reanels of the first group hed a
very short cut-out; those of the sccond group hed a long cut-out. The
cut-outs wecre rectengular and interruptod gsix gtringers of cach panel.

In one of thc threc peancls of cech group (pencls 1 and L}, the coaming
gtringers (stringsrs hordering the cut-out) had the seme cross scection

Fa

es the other styingers: in the other two punels of the group, the
coaming siringers wore roinforeed in the region of the cut-out, the
crogs-goctionel aret of the reinforcement being sbout 2qual to the
erce. of the interrupted stringers. The reinforced atringers wore
elther built up by riveting straps to the basic stringers (pancls 2
and 5) or were machincd in one picee (pancls 3 end 5). The generel
crrengement end pertinent details of the pancls ars shown in Tigure 1.
The dimensions uscd for the calculations arc civen in table 1.

Procedurc in the clestic range.- For the tests in ths elastic
renge, the penels were subjocted to £ wniformly distriduted tonsile
load at cach ¢nd by means of & whipplo-trec arrangement. One vhipple-
trce was anchored and the othcr one was loaded. by means of a
hydraulic jack. Tho load wos measurod by & ring dynemometer accurate
to about 1/2 percent. Strain readings werc teken at an initiel lood
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of 1 kip end at increments of % kips up to a load of 21 kips.
Tuckerman optical strain geges of 2-inch gage length were used for
all tests in the elastic renge. ILoad-strain plots were made for all
gege stations; it was almost always possible to draw straight lines
through all tests points except the initial-lcad point, to an
accuracy equivelent to 4O psi (twice the smallest reading of the
gages)., If the straight line missed the initial-load point by more
then 100 psi, & check run was made, and the trouble was usually
eliminated; if the trouble persisted, the readings et this station
were discarded.

Procedure for strength tests.- For the strength tests, the panels

were subjected agein to uniformly distributed tensile loeds by means
of whipple-trees. The loads were applied by & 1200-kip-capacity
testing machine accurate to about 1/2 percent. No reduction in load
wos made at any time during the test. Strains were measured with
electric resistance-type gages (Beldwin-Southwark gages) of &-inch

[
or l-inch gage length ot load increments varying from 5 to 20 kips,
the largest increment being used in the middle of the elastic range.
The accuracy of the strain resdings is belisved to be within about
20 X 10~° at low strains, about 2 nercent at intermediate strains
end somewhet lese at hich strains. The loss in accuracy at high
strains results from the fact that electric gages give inaccurete
results on first application of strein (reference 2); no corrections
were applied for this c¢ffect.

METHODS OF ANATLYSIS

Elastic rangs.- The annlysis for stresses in tho elastic range

a8 made by the simplified threec-stringer msthod given in reference 1.
This method is besed on the essumption that all stringers are of
constant cross section, whercas panels 2, 3, 5,and 6 have coaming
gtringers that are reinforced along the edges of the cut-out. For
these panels, two sets of calculations were made; one was bassed on the
essumption that the reinforced section of the coaming stringer was
continuous throuchout the length of the pancl; the other one on the
agsumption that the basic (nonrcinforced) section was continuous. The
results from the first set of calculations were assumed to apply in
the region lying betwsen two transverse lines drawn through the middle
of the tapercd section of the coaming stringers; the resulte from the
second set were cssumed to apply in the regione between the trensverse
lines just mentioned and the ends of the pancl., For convenience, the
regions defined in this menner will be roferred to as "region of the
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cut-out" and "region away from the cut-out," respectively. The
congtants defining the three-stringer structure are given in table 2,

Ultimate strength.. Ainy perforated tocnsion specimen will fail

across a critical section thet 1o determlned by the stress distribution
reaulting from the geometry of the svocimen end by the stress-strein
characteristics of the matericl, There are two limiting "theorics of
feilurc." On the one hand, it mey bo asgsumcd that all stress
concentrations persist wniil the moment of failurec, and that failure
takes place when the peek stress in the spscimen ezcecds the alloweble
value for the meterial. This theory will be referred to as "the
brittle-failure theory." On the other hend, it mey be essumed thet
all stress concentrations are eliminated by yielding before failure
tekos place; this theory will de rofesrred Lo as "the plastic-foilure
theory."

When the brittle-failure theory is uscd, the strege distribution
is caslculated by the elastic thoory, end the poak strogses are
located. In stiffcened pancls, thoere is e pesk normal giress in a
stringer end a peak shear stroese in the shech., The stringer stress
ig evidchtly a simplec stress. The shear stress in the shest is
effected to some extont by supervosed longltudinal and troneversec
norral gtresses, but in moat cages these cuperposszd stresscs mey be
neglected. Xallurc would thercfore be expected when either the vea
stringer etress or the peck shear stress in the shect ecxceods the
allowableo value.

The procedure for applying the plastic-failure theory is well
knovn from the design of riveted Joints in mild stecl, Poseible
raths of fracture are considered, and the strength of the totel
asgembly 18 computed by adding the strengths of ths elements of each
vath, obtaincd by multiplying the crosg-scctional zree of cach element
by tho tonsile, shear, or bearing strength of the material, as the
cage may be. In thie investigntion a variction of this theory wes
employed. It wes essumed that yiclding eliminated the gencrel
nonuniformity of stress distribution resulting from the existence of
the cut-out but did not climinete the highly loczlized stress

concentrations arising from the presencs of rivet holes.

In practice, it may sometimes be nccessary to ugse an interm diats
theory bascd on the slastic thoory of stress distribution but modified
for partiasl yielding. The tests made in thig investigotion egreed
fairly well with one of the two limiting theories previously deceribed
and congequently furnished no baasis for cstablishing such an
intermcdiate theory. This result was brought about by tho fect that
the coaming stringors wore of two extreme types: they had either no
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reinforcement at all or were reinforced enough to make up (nearly)
for the loss of panel area caused by the cut-out.

RESULTS AND DISCUSSION

Elagtic Behavior

General remarks.- The results of the teete and the calculs ions

for the elastic range are presented in figures 2 and 3 in the form
of spenwise-strcss plots for a load of 20 kips in eéach casc; the
calculated maximum stresses arec also shown in teble 2. The experi-
mental stresses shown were obtained from mecsured streins with the
value of Young's modulus assumed to be 10,600 kei. As explained in
the section "Methods of Analysig," the calculated curves for the
panels with reinforced coaming stringers have two branches; the
branch in the region of the cut-out is calculated on the agssumption
that the reinforced section is continuod to the ¢nds of the pancl;
the branch away from the cut-out is calculated on the assumption
that the basic stringer section continucs through the middle of the
panel without reinforcement. For each pansl the calculated curves
for the continuous stringers (except the coaming stringers) are
identical, because these stringers are represented by a single
stringer in the three-stringer method of =zmnalyzing cut-out panels;
the curves for the interrupted stringers of a given panel are also
identical for the same reason.

Stringer stresses in panels with constant-section coaming

stringers.- In panels 1 end h, the (constant-section) coaming
stringers exhibit high stress peaks at the transverse ribs that

bound the cut-outs; the agresment between experimental and theoretical
peak stresses is good. The rate at which the stresses decrease from
their peak velues with increasing distance from the cut-outs is larger
for the experimental than for the theoreticel valves., The chordwisc
distribution of the stresses in the other continuous stringers is
fairly uniform in panel 1 and consequently in fairly good egreemcnt
with the calculated curve; in pancl 4, the chordwise distribution is
not so uniform at stations O and 7, and the agreement is therefore
c¢lose only on one stringer near the middle of the group (stringor 3),
whereces stringers 1 and 4 show deviations of opposite sign. Similar
deviationsg are obvious near the ends of the interrupted stringers, but
here the stresses are low and consequently of no practical concern.

Stringer stresseg in penels with riveted-up reinforcemcnts on
coaming stringerg.- In pancls 2 and 5 with the riveted-up rein-
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forcements, the agreement betwsen expsrimental and caloulated stresses
is satisfactory, on the whole, in the regions of practical interest.
(See fig. 2.) The coaming stringers show local stress peaks not
predictable by the simple theory used herein at stations just beyond
the end of the reinforcements (station & on panel 2 and station 32
on panel 5), presumsbly as a result of the sudden change in cross
section of the stringer. On panel 2 with the short cut-out and the
sharply tapered reinforcement, this local peak stress is higher than
the average stress in the stringer at the edge of the cut-out. The
average stress referred to is the average over the thickness of the
pack, and the method of obtaining it will be oxplainod presently,

The measured stresses in the uarvr d region of the coaming
stringer of panel 2 are considerably lower than the calculated values.
These stresses are of necessity mcasured on the outside faces of the
outermost straps. There are two factors apparent that may contribute
to this discrepancy. In panels 1 and L with coaming stringers of

congtant section, the expe Limcw%al stresses are also low in the
corresponding regionssy this fact indicates that inaccuracy of the
theory may be ong reason. The other apparent reason is that a

riveted connection is not so stiff as a solid metal-to-metal conncection
would be, and consequently, the outer straps carry less stress than

the inner straps.

Within the region of the cut-out, it was possiblec to measurs the
stresses in each individual utrap of the coaming stringer by putting
gages on the exposed edges of the straps. Figure 2 shows for station 0
the stresses in the innermost strap, the outc Most strap, and the
average stress for the entire pack. Two sets of measured vglues are
shovm; one was obtained when the straps were fastened with i *ﬂcn

rivets, the other one after these rivets had been replaced Hy _3-1nv

rivets., With the larger rivets, the spread hetween the stresses in
the outermost and the innermost straps was almost cut in two. With
either size of rivet, however, the average stress in the pack was
only slightly lower than the theoretical value for panel 2 at the
relatlvelv'loL loads used; at the higher 1o¢ds, 13rﬁ@r differences
ould, of course, be expected. In panel 5, the distance between the
center line of thﬁ cut-out and the end of the “ﬂurt"t s
sufficient to eliminate the effects of finite rivet stiffness at
station Q.

(] >
STrap was
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practical interest. Panel 3 with the short cut-out and sharp taper
again exhibits the high local gtress peak Jjust beyond the end of the
reinforcements end tho very low stresses in the region of the taper,
Somewhet perplexing is the fact that the stress in the coaming
stringer at station 0 is apprsciably less in panel 3 than in panel 2.
This result indicates that et low stresses, at least, the wide
integral reinforcement was less effective than the riveted-up
reinforcement,

Shear strcoeses.- The shear strseeses in all psnels are shown in

G
figure 3. The egrecment between experimental and calculated stresses
is very satisfactory.

Ultimate Strengths

Panels with coaming stringers of constant gcction.- In pancls 1

and h, the (constant section) coaming stringers showed a very high
stress peak at the tranaverse rib. The electrical gages at this
station indicated no appreciable dcviation from a straight-line
relationship between strein and load up to the highest loads at which
readings were teken (about 0.9 Pult)' The vanelsg might therefore be

expscted to fail according to the brittle-failure theory, that is,
when the theoreticel maximum stress roached the elloweble value. The
allowable stress wos determined by tests on semple stringers with
rivet holes, in order to include the effoct of stress concentration
due to such holes; the ultimate ctress besed on the net area was
found to be 64.0 kei (awerage of 3 tests) against 70.3 ksi asg
determined by standerd tensile specimensz. With an allowable stress
of 64.0 ksi, failurc for pancl 1 was predicted at 71.5 kips ageinst
an actual feiling load of 77.0 kips; failure for panel 4 was
predicted at 84.8 kips againat an actuel feiling load of 87.0 kips.
(Sge table 3 + ) The predictions_were thereforc congcrvative by
about T percent for pancl 1 and 25 percent for pancl 4, The fracture

should be a tecer across the net section of the penel at (or near) the
rib linc, and figure 4 shows that this type of failure was actually
obgerved,

Az table 2 shows, the czlculated ratios of peoak shear gtress to
peek stringer stress were 0.58 for pancl 1 and 0.62 for pensl 4. If
the allowable values ere taken as 37 kei for sheer end 62 ksi for
tensgile stress, the corresponding ratio of the allowable stresses
ig 0.60. Consequently, there was & theorctical possibility that in
panel 4 the failure might be precipitated by shoar failure of the
shect., Analysis of the stresses ncar the cut-out showed, however,
thaet the sheet-bearing stress under the rivet at the corner of
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cut-out sxceeded the allowable value at about one-helf of the
ultimate load in panel 1 aes well as in panel 4. Progressive bearing
failure relieved the peek ghear gtress sufficiently to preclude shear
failure.

The stringer stressss were not appraciably effected by the
redistribution of sghear stress because they depend on the integrated
effect of the shear stresses. When the pcak shear stresses are
reduced materially, the trensfer of loed from the cut stringers to
the continuous stringers takes place at o greater distance from the
cut-out; the chordwise distribution of the stringer stresses in the
net section may therefore be exvected to become somewhat more uniform
as the load increceses. This consicdevation may explain why the
strength predictions were congervative.

Panels with reinforced coaming stringsrs.- In penels 2, 3, 5,
and € with reinforced coaming stringers, th. chordwise distribution
of the stringer stresges in the net section was much more uniform
within the eclastic renge then in pansle 1 and 4 with congtent-section
gtringers. A convenient measure of the nonuniformity at the »id
station (where &ll the stringer stresses reach their peak vaelucs) is
the retio of stress in the coaming etringer to average stress in the
other continuous stringers (otrcss in substitute single stringer).
For penel 1 (short cut-out, no reinforcement) this ratio was 1.87,
for pancls 2 and 3 (short cut-out, reinforced stringers) the ratio
wes only 1.1%; for pencl & (long cut-out, no reinforcement) the
ratio was 1l.41, for pencls % and G (long cut-out, reinforced stringers)
it wes only 1.12.

The wniformity of the chordwise distribution was further
increased, at louds above eébout one-half of the ultimete, by an
incrsasing losg of effectiveness of the rcinforcsd portion, compensated
by increased stresses in tho other continuous stringers, mainly the
nearert one. For the stringers with long teper (panels 5 and 6), this
effect was small, but for the stringers with short tuper, it was quite
pronounced, varticularly for the buili-up reinforcement of panel 2.
(See fig. 5.)

In the spanwise dircction, the stringer stresses in the panels
with reinforced stringers were alao much more uniform then in the
renels without reinforcements., In the panels with rcinforced
stringers, the aree of the met section of the pancl (slongside the
cut-out) was only slightly less then tho aresa of the full seection; in
the panels without reinforcoment, the orea of the met section was
ebout 5/8 of the area in tho gross section, because 6 out of 16
gtringers were cut.

TN TN PRTAT TR PRI s
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These considerations chow that, in the clastic range, distribution
of the stringer stresses in the reinforced panels was not too far
from the uniform distribution assumed in the plastic-failure theory
and thet the distiibution tended to become even more uniform at higher
lcads. There is coneidersble Justification, then, for nsing the
plagtic-failure theory in predicting the strength of thc reinforced
rancls.

Exemination of possible critical sections, or paths of failure,
on the basis of the plastic-failure theory showad that the panels .
should fail by tearing of the four continuous stringers &t or near
the transverse rib, by tearing of the coaming stringer in the
unrcinforced section, and sheering or bearing failure of the sheet or
rivots under the tapered portions of the coaming stringers. This
type of failure was observed in all reinforced penels (fig, 4). The
tearing of the coaming stringers took ploce just beyond the ends of
the reinforcements, presumebly beceuse local stresg concentrations
existed at these points, &s shown by the strain mcasurements in the
elagtic range, It may scem from figure 4 thot pancl 5 (long cut-out
with built-up recinforcement on stringsrs) did not fail in the predicted
menner, the coaming stringers being torn underncath the top etraps at
the end of the cut-out instead of being torm just beyond the end of
the tapered section., Calculation showed that the strength of the
penel for this path of failure should be about 5 percent higher
than for the path of failure described for the other pancls.
Examination of the penel disclosed that the failure haed apparently
gtarted in the predicted manmner by tearing of one end of one coaming
stringer at the point where the reinforcement began; however, for
gome unknown reason, failure then took placo along a different path,
and a8 & rcsult, the fallure at the end of the reinforcement can be
geen only by inspection of the original panel. The strengths predicted
by adding the eppropriate strengths of clements (table 4) were
glightly unconservative ag shown by the last column of table 4, the
average ratio of obgerved to predicted feiling load being 0,99 and the
lowest value 0,95, Predictions based on the brittle-failure theory
would have been from 16 to 27 percent conscrvative.

The ratios of peak shear stress to peak stringer stress were so
high in penels 2, 3, 5, and 6 (table 2) that shear failures in the
sheet might be expected. No shear failures developed, howeverj only
bearing fallures under the rivets werec observed for the reason given
in the discussion of the strength tests of pancls 1 and 4 with
congtant-section coaming stringers.
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CONCLUSIONS

The following conclugiong were Arawn from the teets on six
axially loaded skin-stringer panels with rsctansular cut-outs:

1. The observed stresses in the elestic range agreed fairly
well with those predicted by a previovsly vublished theory. (The
theory was adapted to panels with reinforced coaming stringers by
making two overlapping assumptions.)

2. The ultimete strengths of the two panels with constent-
section coaming stringers differed from those predicted by the
"brittle-failure theory" (thet is to g8y, by ueing the clastic
theory) by 2.5 to 7 percent, the predictions being conservetive,

3. The ultimate strengths of the four panels with reinforced
coeming stringers differcd not more than %5 vercont from the strengths
predicted by the "plastic-failure thzory" commenly used in the design
of perforated plates made of ductile materiel, This conclusion should
not be generelized to apply to other vanels unless the cross-sectional
| arca of the reinforccments of the coaming stringsrs is roughly cqual

to the crogs-sectional arsa of the meterial removed by the cut-out.

Langley Memorial Aecronaunticel Laboratory
National Advisory Commtttes for Acronautics
Langley Ficld, Va., August 19, 1946
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TABIE 1

PANEL DIMENSIONS

| Averagc gross | Averegs gross
Sheet Grogs ghest area of one area of one
Panel { thickness area gtringer coaming stringer
(in.) (sg in.) (sq in.) (8q in.)
(E;) (b)

1 0-0315 0.835 0.0975 0.0975

2 0315 .835 .0973 .3669

3 .0316 537 L0975 .3810

I 0318 843 L0064 L0981

5 .0315 837 .0951 .3876

6 .0318 E43 0992 .3702

?Not including coeming stringer.
®In region of cut-out.
NATTIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABIE 2

CONSTANTS USED IN THEORETICAT CATCUTATIONS AND MAXIMUM THEORETICAL STRESSES

4 A, b, b, | L mex | Tmex | g
Panel : ’ ksi ksi
(eq in.) { (sq in:) { {eq in.) | (1n.) | {in.) { (in.) (c (c) (o)

3 0.7hé 0.159 | 0.632 7.7201 1 A,16L 1.5 17,9 1 20.3 ¢ &.50

) o g 2 158 6oL 7.449 | 6.019 1.5 10.7 8.1 .76

3 746 a a5z 626 i enls S s i 7.9 .70
D yho l10.5

4 T .160 .625 7.305 | 6.160 | 1k.5 15.3 0.4 62

5 .735 B.oymm Gop 7.838 | 6.012 | 1.5 9.6 76 .79
2450

6 .75k 5 154 63k 7.315 | 6.165 | 1k.5 9.7 7.6 .78
b y32

EFor region away from cut-out (basic stringer).
bror rogion of cut-out (reinforced stringer).
CCalculated for P = 20 kips.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABIE 3 .- ULTIMATE STRENGTH CALCUIATIONS FOR CONSTANT -SECTTON COAMING STRINGERS

e - ' haoarvo -
Coex Ar;dlctyd. Observed bscrved rult
. ~utt P
Ponol | (ksi) (¥ips) ult Predicted P
(=) (1) (kips) ult
i
T 17.9 78.5 77.0 1.08
L3 1. 848 | 87.0 1.03

8Calculated for P = EQ kins
= Gl .
Pprodicted Pyijy = —— X 20 kips
Omax

TARIE Y4 .. ULTTMATE STEENGTH CALCULATIONS FOR REINFORCED SECTION COAMING STRINGERS

J']E‘oi‘l .nctA Trgn;—:?le; gtrength Bc:&r‘.’n; “::'cn*th ! Prodicted | Obasrved Observed Pu.lt
Paney | tonsile avee (bascd on 4 against : e (8 -
(sq in.) 0,11 = 64 ksi) Svets % ult Predicted Py
() 7 (kips) jvs) (kipe (kips) nab
o 1.408 95.9 s n 101.3 98.6 0.97
3 1.522 a7.b 3.6 101.0 96.0 .95
S 1.505 96.3 10.6 106.9 105.4 .99
6 1,544 08,8 Q,2 108.0 113.4 1.05

&(Sheet aren from coeming stringers to gides of panel plug ared of 10 stringers minus

rivet holes. 3
bDi&mstur of rivets in coaming stringer, iz ineh.

NATIONAT ADVISORY
COMMITTEE FOR AERCHNAUTICS
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Stress, o, Kksi

— Calculated (simplified three-stringer method)
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Stress, o, ksi

—— Calculated (simplified three - stringer method)

P“ﬁ#w“———
10 L*\O*o\ ; PR
o Stringer | i —
...... y‘...,.F...-.l.,jJ
5 v ]
0 . F 2 _§~_" ¥
B e T SR S S T T
Stringer |
5 -
010 —
e T O i ke e SR
kg 3
5 -
100 =
gO_Q_Q_ ______ o ‘\O
4
5 -
0
10}
- O o
0 0 S g 8 he
5 r
0
26
& F Tt
i /’_,,
DL 8 0 sl //_O 8
,”::6
e 1 1 1 1 3 O 'R L Z7 i 1 L 1 V']
(¢} 10 20 30 40 o 10 20 30 40

(d) Panel 4.

Distance from center line of cut-out, in.

(e) Panel 5.
Figure 2— Concluded.
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Stress,T, ksi

Calculated (simplified three-stringer method)
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Figure 3.— Shear siresses in panels for P =20 kips.
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Fig. 3d-f NACA TN No. 1176

— Calculated (simplified three-stringer methoa)

i Bay 4
g’ ~/\O\o
)
5
Bei P ‘
5 -
\D\Q [
O 1 1 1 W 7T 1 1 1 ]
(d) Panel 4.
5
[
/ﬁ_____o,,ﬂ—«)-—"——:_o__~~\o 4
10 0

SHFESS i RS
/
w

0
5 =
Q
2 TR
g - 0 U 6
O ') = = 1 1 1 ]
(e) Panel 5.
o)
_____ Lapinges V-«
04 R o o e 4
\O\
S
5 ~<
~z¢Q
\\5 5
0 =
5 L
i
\\\\O 6
o i ol 1 1 1 1 i I}
0 10 20 30 40

Distance from center line of cut-out,in.

( f ) Panel 6. co:;azgﬁkrl&‘:tﬁ%:lcs

Figure 3-Concluded.
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(e) Panel 5,

Figure 4,~ Test panels after failure,
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Load, kips
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Figure 5.- Load-stress plots for panels 2 and 3 showing reduction of stress
stringers at high

in reinforced coaming

loads.
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