UNCLASSIFIED

AD NUMBER

ADB806059

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Operational Use; JUN 1942. O her
requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngton, DC. Pre-dates formal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA TR Server website

THISPAGE ISUNCLASSIFIED




FIILE COPY
NO. 2-W

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
v viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

- N 6 65398

-

ARR June 1942

ORIGINALLY ISSUED
June 1942 as

Advance Restricted Report
STRESSES AROUND RECTANGULAR CUT-0UTS IN
SKIN-STRINGER PANELS UNDER AXIAL LOADS

By Peul Kuln and Edwin M. Moggio

Langley Memorilal Aercneutical Leboratory
Langley Field, Va.

FILE COPY

To be returned 0
the files ot the National
Advisory Lomwnittes
for Aeronautics
Washington D. G

NACA

WASHINGTON

L - 399



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

STRESSES AROUND RECTANGULAR CUT-OUTS IN
SKIN-STRINGER PANELS UNDER AXIAL LOADS

By Paul Kuhn and Edwin M. Moggio

SUMMARY

The calculation of the stresses around cut-outs is
discussed on the basis of a simplified application of the
shear—lag theory previously published. Experimental
stringer strains were measured around a systematic series
of cut—outs. The test results indicate that the proposed
method of calculating the stringer stresses is acceptadle
as a basis for stress analysis. A few measurements were
made of shear stresses in the sheet, but a separate ex-
perimental investigation on these stresses 1is desirable
because their maximum values are %too highly localized for
strain readings with ordinary gage lengths.

INTRODUCTION

The analysis of the stress distribution around cut-
outs in stiffened shell structures is a difficult and
complex problem. A theoretical basis for such an analysis
exists in the form of the so—called shear—lag theory, dut
the practical application of this theory necessitates a
prohibitive amount of arithmetic. Thisg difficulty was
overcome by a system of simplifying assumptions for the
analysis of cut—outs that was intrcduced in a comprehen—
sive paper on shear lag (reference 1), ZExtensive experi-—
mental verification of the reliability of these assump-—
tiens 1s highly desirable, because the cut—out prodlem is -
recognized as one of the most important provlems in the
design of shell structures, The present paper furnishes
experimental evidence on one particular phase of the
problem; it deals with rectangular cut—outs in plane
skin—stringer panels under axial loads. The main emphasis
has bYeen placed on the stresses in the -stringers, dut the
question of shear stresses in the sheet has also been
treated to some extent.



METHOD OF ANALYSIS

Basic Assumptlcns and General Principles of Analysis

The structure to be analyzed is a skin—-stringer panel
as shown in figure 1(a). The rectangular cut—-ut ic as—
enmed to be bourded by two stringers and bty two transverse
ridbs A-A. The thickness of che shecet is assumxed to be
constant as 1s the cross—sectional area of the stringers.
The number of stringers is assumed to be large, and the
cut—cut is assumed tu be centrally lccated. The panel is
assumed to be long, ccmpared with the width of the cut—
out. The exterral lcad is awmplied in the f:rm of a uniform
stress O, applied at the ends of the ovonel,

The internal stresses existing in the panel are ob—
tained by the superpousition of the stresses caused by the
two loading cases indicated in figures 1{(t) and 1(c). In

2se I, shewn in figure 1(b), external stresses egual tc
0, are ascsumed to be applied at tne stringers where they
are interrupted by the cut—outl in additionr Lo the stresses
O, @acting at the ends of the pansl. The giress distiri-
bution existing in this case is sinmply a uniform axial s
stress 95 threughout the panel.

In case II, showvn in figure 1(c), nn exterral fecrces
are assuned t- act at the ends of the panel, hut external
forces are assumed to be applied to the stringers where
they are interrupted by the cut-~out. These forces are
assured to be equzl in megnitude but uvpposite in direction
tn the corresponding forces acting in case I. The forces
acting in case II are termed "liquidating" forces (refer—
ence 1) Yecause their superpnrsition on the forces of case
I reduces the stresses in the interrupted stringers to zerc
along the biundaries A-A 3 the cut—out. The liguidating
forces corstitute a self—equilibrated system of forces;
consequently, by St. Venant's principle, the stresses
caused by thz liguidating forces become ncgligible ut
large distances from the cut—out, smanwise as well as
chordwilse.

The calculation of the stresses caused by the ligui-
dating forces of case II constitutes the main part of tue
problem. When this problem has beesn solved, it is only
necessary tc add everywhere the uniform stress O, corre-—
sponding to cose I to obtain the final answer.

The calculation of the stresses is divided into two
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groups of calculations that are baged cn independent as—
sumpticas: namely,

(1) Calculation of the stringer stresses in the net
section between the two rids A-A

(2) Calculaticn of the stresses in the gross secticn

The transition between the twc sets of stresses oc—
curs in a relatively short regicn of transition surr-und—
irg the transverse ribs, as shown by the experiuzental evi-
dence. For convenience of calculatisn, the transiticn
regions are assumed to te infinitely shzirt and lucated at
the transverse ribs. The calculated stresses trerefore
chow discontinuities at the ribs.

The symbols and the cocrdinate 2xes used are shown in
figure 2. Under the assumdtlicns rmade, symuetry cexists
about the longitudinal cecnter line and abiut the trans—
verse center line. Calculaticns will thereforz be nmede
for only one quadrant, and all Torces specified refer t:
cne—half the structure unless oitlerwise svated.

Stresses in the Ne{ Section

Stresses in the str

ngers.— If Ay doenotes the

i
cross—sectional area of the interrupted stringers contained
ir the width b (fig. 2), then the liguidatinz force dis—
tributed over this width is ..

Fy =00Ab . (1)

crce causes a reaction F, of equal magritude in the
uous stringers contained in the width a of the nes

Fo = Fy = 0 Ay ' (2)

The stresses o0  caused by the force F_, are assumed %o

follow the law of chordwise distribtutiuvn (reference 1)

o =0 e=v/® (3)
n n :
nax '

By'integrati:n across the net section it is fcund that



A, a
g = g L ' (4)

Omax o / —a/v
Aa b Q — e / w

/
/’

where A_  1s the cross—sectional area of the continuous
stringers contained in the width a. The total maximum

stress 1is therefore
A
(5)

ba
- = =0 1 +
nax Crnma.x T 9% o) a/b
Aa Pll — e

The ezpression in hrackets is ‘the stress-cosncentratizn
faetor referred to the basic stress o . More significant
is the stress—concentration factor referred to the average
stress over the ne: section, the average stress being

I, ' AL N
ay T T F T4 = 0 <1 + 220 (6)
.A-a A'a /
The stress—concentration factosr refecred to cav is
Ay &
b
1 + v .
; —a/b
S nax A, b1 - e a/i>
c = . X = C (7)
av
14+ -2
Ag

This factor is shown graphically in figure &, where t, =
Afa and ty = & /b.

Tor a homogeneous plate (ta =t the stress—

)
concentration factor approaches 2 for a very small cut-—
out (a/b = =). For comparison, 1t may be recalled that
the stress—concentration factor for a small circular hole
is 3. ' ,

For design purvoses, it may be assumed that the
stress in any given stringer is constant between the two

ribs A-A. Actually, there is some change in stress in
the vicinity of the ribs,

Shear stresses in the sheet.— At the transverse cen—
ter line, the shear stresses in the sheet caused by the
liquidating forces are zero for reasons of symmetry. At

the ribs, the shear stress may become nearly equal to the




shear stress in the gross section for rcasons of continuity
of strain if the ribs are not sufficiently effective. T o
method has been developed thus far for caiculating the vari-
ation of the stress between these twe limits; such a methed,
when develcped, would alsc give the change of stringer
stress between the ribs A-4A.

Stresses in the Groyss Secticon

Basin principles _of calculation.— The stresses in the
gross section are calculated by using the device of the sub-
stitute single stringer (reference 1). In this method all
stringers lcaded in the same directiocn are assumed to be
combined int. a single stringer located at the centroid of
the group. TFigure 4 shows in brcken lines the actual panel
and in hsavy, full lires {he subgtitute ginglis—stiringer
pangl, The stregsses in the substitute panel are compuved
by simplified forms of the formulas given in reference 1.

The substitution indicated in figure 4 implies the
assumptiasn that the siresses coused by TFy are distriduted
urir ormly over the width P and that the stresses caused
ty F, are distributcd unifcrmly over the width a. The
first assumption, although not in very close agreement
with the experimental results, is sufficiently clese for
most design purpeses. The sescond assumpticn, which dif-—
fers from the one made in reference 1, was made as a cOmD—
promise to ecbtaipn reascnable agreement between test results
and calculations as well as a convenient method ¢f calcula-
tion.

It folliows from St. Venant's principle that the
stresses cavsed by ¥, must be negligible when y Iis
very large; the assumplion of uniform distribtution of the
stresses caused by F, muct trerefore be reciricted to a
finite width, which may be considered as a participating,
or effective, width. On the basis of the tests, thkig
width is taken as equal to 2b with the understanding that
it may te changed as more test data become available. The
calculation of the stresses will now te coasidered in de-—

tail,

tringer stresses.— At the transverse ribs, the stress
ln any one continuous stringer caused by the liguidating
forces is :

Fa
o 2 e—— 8
€o Ay (8)
e



The effective area A, is egual to A, if a < 2b. If
e

a > &b, only a widih a = 2% is considered tc be cffec—

tive.

With increasing distance x from tle ridb, thes stresses

Ug decrease according to the formula {(reference 1)

I = 0 e (9)

wrhere X is the shear—lag parameter (reference 1)
defined by

G.t - =
2 e 1 1N
S e A m_) (10)
B oa\ A Ay
8¢

=~
]
i

where Ge is the effective shnezr modulus and t is the
thickress of the sheet. The width ¢& of the usubstitute
panel is
1
d == (a_ + b) (11)
2 e
with a, = a 1if & T 20
cr
a, = 2b if a > 20

The total stress in a continucus sitringer in the gross
section is, therefore,

v
—Xx
g =0, + g e (12)

g
S0

¥hen a < 2b, the stress Jjust at the rib is equal to

S and the expressicr for o may be written
- 5 \ —KX :
o =04 +(0gy - 0 )e (12a)




The stress caused by the liquidating force in any vane cut
stringer is

(o) = g e = —— e = g e
g =% A 0
x b

The total stress in a cut stringer is therefore

7/ X N
o =0, -0 = g (1 ~ ™% (13)
€x “ \ /

L pictorial precsentation of the stringer stresses around
‘a cut—out is given in figure 5.

Shear stresces.— The shear stress in the sheet of
the substitute panel is given by the formula {reference 1)

(14)

F K T
T = _p..__. e =X
t

In tne substitute panecl, this shear stress is uniformly
distributed over the width d (fig. 4). 1In the actual
panel, the shear stress is probably concentrated to some
extent near the corner of the cut—cutv.

Stresses in the transverce ribs.— The transverse
Tits are loaded by the shear forces in the adjacent sheet,
the ribs being stressed in compression when the panel is
in tension. The running losd applied to the rid may be
taken as

K (15)

distributed over the width 4. Since the rits lie entirely
in the region of transition, the methecds of calculation
given thus far should not be expected to hold very closely.

Approximate application c¢f theory tc ©ox beams.— When
a skin--strirnger parel is used as covaer of a bcx beam, the
basic stress o, wusually varies along the axis of the
bheam, although the designer attempts to appreach the con—
dition of uniform stress. In such cases, the theory may

be applied as a practical approxiration methcd by computing

first the stresses that would exist if there were no cut-out.




Separate values of the liquidating stresses are thus found
for each end of the cut—out; the effects of these liquidat-—
ing stresses are computed geparately for each end and are
superposed on the basic stresses. In the net section, the
stringer stresses may bte assumed to vary linearly between
the values computed for the two ends.

EXPERIMENTAL INVESTIGATION

Tect Objects and Test Procedure

In order to »sbtain experimental verification for the
metnods of calculation described, the panel shown in figure
6 was built, It consisted of 2 sheet of 175-T aluminum
alloy (0.0266 inch thick. To this sheet were riveted 15
stringers of 538~T aluminum alloy, each stringer consisting
of 2 c¢pposing ctrips with a cross section c¢f 0.101 inch by .
0.751 inch each. The spacing of the stringers was 2.51
incnes.

Tre load was applied by the lever arrangement shown in
the figure. A whippledbree arrangement was used at each
end in order to insure uniform distribution of the stresses
at the ends.

Strains were measured by Tuckerman strain gages with
a gage length of 2 inches. The gages were used in pairs
on both sides of the specimen. Straine wecre measured at
corresponding points in all four guadrants; each point,
except those in figures 8 and 15, plotted on the figures
therefore represents the average of four stations or eight
Fageg,

The panel was originally built without a cut--ocut. A
survey of the sirains in the stringers was made for this
condition in order to study the uniformity of stress dis-—
tribution in this most favorable case, Afiter this test,
cut—outs of progressively increasing width were made in
the center of the panel from one to nirne cut stringers.
Figure 6 shows the cut—out in which seven stringers were
cut. All cut—outs wecre of the same length, Surveys were
made in each case of the strains in the stringers over the
region whesre the influence of the cut—out was noticeadle.

On the panel without cutmouts; strain readings were
taken at 0, 20, 40, 60, 80, 100, and O percent of the
maximum lead applied. In the rest of the tests on the




large parel, readings were taken at 0, 50, 100, and O per-—
cznt of the maximuil load applied. Check runs were made
when the final reading at no load differed from the initial
recading by more than 100 pounds per square inch.

A :zpecial test was made of the pancl with the largest
cut—out by removing the standard stringers adjacent to the
cut—out and substituting stringers with about twice the
cross—sectional area; the individunal strips had a criss
sectioa of 0.2512 ineh by 0.92986 inch.

Yhen these tests had been completed, the large panel
was cut into the four smaller panels shown in figure 7 and
these panels were tested in the new NACA 1,000,000~pound
testing machire., With this set—up, it was possible to ob-—
tain much higher stresses than with the loading lever; the
accuracy of the strain veadings was consequanily higher.

In- a¢ much as the panels hzd only a small namber of
stringers, they wore not considered as sufficiently typi-
cal of actual cases to warrant complete strain surveys;
stringer strains were therefore measuvred only at the center
of the net section by Tuckerman stiain gagss,. In addition,
electrical strain gages were uvsed at the four corners of
the cut—outs to measurs the strains in the sheet at 45° to
the axes; these gages sre visitle in figure 7. Since the
axial stresses in the sheet are smzll at these stations,
the 45° etrains give an approximation to the shear stress
in the sheet., The usual precaution of ucing the gages in
vairs on both sides of trhe sheet was taken, Lcad increments
of 3 kins were used.

Accuracy and Reliability of Measurenments

The accuracy of the Tuckerman readings at any given
station is estimated to be £ 1 percent; lhe accuracy of the
electrical gages, +4 percenty, taking intc account in Toth
cases reading error, temperature error, and deviatiocn of
individual calibration factors from unity. The teru "accu—
racy of a measurcment” as used herein denotes the relation
between the observed strain and the true strain (due to
loading) at the surface of the specimen between the gage
points.

The term "significant accuracy of measurement' is in—
troduced here to denote a concept of practical importance:
namely, the relation between the observed strain and the
true average stress in the vicinity of the gage station.

The significant accuracy is the sum of the following errors:
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errcrs of 1inaccuracy of measurement as previovsly defined;
errors due to inaccurate value of Young's modulus used to
convert strains to stresses; and, finally, errors due to
failure of rivets to insure integral action of the struc—
ture. DTast experiernce has shcwn that the third error is
by far ithe largest when accurate strain gages are used.

In shear--lag tests, for instance, on a beam with a cover
similar in construction to the prcsent panel it was fcund
by direct measurement that the stress 1n the sheet differed
by as much as 20 percent from the stress in the stringers
near the root of the beam. The error in total internal
force that results from considering the stringer stress as
representative of the sheet stress is, of course, much
lees, because the sheet censtitutes only a vart of the total
¢cross—-sectional area. :

A complete study of the Inacceuvracics defired would be
very difficult and tedious. It is important, however, to
Zain some 1dea of the significant accuracy because it hes
some bearing on the compariscn between experiment and cal—
culation. ' s

The straip survey on the panel without cut-—out was
mace in order to assess the significant accuracy of the
cut—out tests. TFigure 8 shows the observed stresses in
the form of plots of chcrdwise stress distribution. Two
scts oi points are shown: stresses based directly on tne
strain reading at maximum load, and strecses based on the
slepe of the best—-fitting straight line drawn through the
experimental points on the load-strain plots. A study of
figure 8 shows the following:

1. The average stress owver an entire cross section
deviates from the average at any other section
by a maximum of about 3 percent.

2. Local variations from the mean may amount to
about 6 percent.

These local variations may affect several adjacent stringers
in a smoothly varying manner c¢r they may sffect only one
stringer, '

In the panel without cut—outs, the rivets are theoret-—
fcally not needed to distribute the stresses except near the
ends. In panels with cut—oute, however, the rivets are
needed to distribute the stresses; such nonuniformities as
are displayed by the panel withowt cut—outs may therefore



11

be regardsd as minimum values, and larger nonuniformities
may be expected in panels with cut—outs. Figure 8 indi-
cates that the significant accuracy of stresses measured
over a small region (say of a width or iength equal to
three stringer spaces) should not be expected to be bet—
ter than about 6 percent. This conclusion should be borne
In mind when comparing experimental and calculated maximum
stresses,

No corresponding study of significant accuracy was
made for the shear stresses in the sheet. It is probably
safe to assume, however, that the significant accuracy of
the shear—stress measurements is somewhat less than that
of the stringer—stress measurements, because the accuracy
of the gage is less and because the shear stress varies
rapidly in a nonlinear manner along the span.

Comparisons between Experimental and Calculated Results

The results of the tests on the large panel with cut-
outs are presented in figures 2 to 14, Figure 15 shows
the results ob%ained on one of the small panels, and fig-
ure 16 shows graphically the shear stresses in the 4 small
panels. Table 1 gives the data necessary for computing
the maximum stringer stresses as well as the computed and
the observed maximum stresses for all panels. Table 2
gives the computations for the shear stresses in the four
small panels for test loads of 20 kips on the whcle panel.

Strincer streses in net section.— From the point of
view of a practical stress analyst, the most important
ltem is the comparison between experimental and observed
maximum stresses. The maximum stringer stress in each
panel occcurs 1in the stringer bounding the cut—out and with-

in the net section. The numerical values are listed in
table 1.

The ratios of observed maximum stress tc calculated
stress are plotted in figure I7 against the ratio a/b.
The tentative curve faired through the test points gives
most weight to the panels which conform best with the
assumption that there are many stringers uniformly dis-—
tributed. It will be noted that the three points defi-
nitely below unity beling to panels which do not conform
very well with these assumptions; two points belong to
vanels in which only & single stringer is cut, and one
point belongs to the panel with very heavy stringers along
the cut—out. The results indicate that the method of cal-—-
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culation presented in this paper tends to be somewhat un-—
conservative for wide cut-outs and conservative for narrow
cut—outs. 'The faired curve shown may be used tentatively

to correct the results o¢f calculation. is advisable,
hcwever, to use great caution when usin orrectlon fac—
tor below unity because the point at 7b = does not

'rgpresent a typical panel and the course of the curve for
a/b >3 1is, therefore, uncertain.

Figure 17 includes two points cbtained by photoelastic
tests of reference 2 on homogeneous plates; the homogenous
plate may be considered as the limiting case of a skin-
gtringer panel with infinitely many stringers. The stress
valves had to be scaled from rather small figures given in
refevrence 2 (pp. 577 and 564) and are consequently not very
accurate; in spite of this fact, the results agreec gquite
well with tle results obtained on the large panel,

It is impertant to ncte that, conirary to what might
be expected, the stress distribution over tne net section
ig far from uniform even in the limiting case when the net
section contains only two stringers, as in mnanels 7 and 9.
(See fig. 15.) A4n anLlogous gtatement was made in refer-—
cuce 2 (p. 486) with rospect to the stresses in a tension
plate having a large L_rCular hole and, consegquently, a
narrow net section. This odserv.tion is of practical im—
portance, particulerly in view ol the tendancy of the the-—
ory to become unconservative for narrow net sections, as
noted above.

Surlnoar siresses ir gross section.— A study of fig—
ures 9 Lo 14 indicates that tre calculated stringer stresses
in the gross section are, in generel, in satisfactory agree-—
ment with the observed stresses. One corsistent discrep-—
ancy 1s apparent in all panels: The actual stress in the
stringer bounding the cut-—out is lower tlan the calculated
stress, and the stress in the adjacent uncut stringer is
correspondingly higher. The practical iluportarnce of this
discrepancy is probadbly confined to indicating the need for
providing some extra margin in the design of the rivets in
the first uncut stringer,

In cases where the influence of the ciut—out is appre—
clable along the free cdges of the panel (figs. 12, 13, 14),
it will be noted that the stresy in the edge stringxrs
rcaches its maximum not in the net ecwmction but outside it.
This pheromenon was also found to ecxist in homogensous
plates with rectargular cut-outs by means of phntoelastic
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tests (reference 2, p. 664) and has been proved to exist
by the theory of elasticity in the related case of a ten—
sion plate with a large hole (reference 2, p. 487).

Shear stresses in the sheet.— Inspection of table 2
and of figure 16 indicates that in panels 7, 9, and 10 the
agreement between calculated and observed shear siresses
is satisfactory. In panel 8, the observed stress is con-—
sidera®bly higher than the calculated stress. Additional
exverimental evidence would be regquired to decide whether
this is an exceptional caese or an indication that the the-
ory tends to be unconservative.

The measured shear stresses are not the maximum shear
stresses; it is difficult to measure the maxizum values
becanse they are highly lcecalized, and guaniitative data
obtained by strengih tests wouid be useful.

. It might be mentioned that the strain readings ob—
tained with the 450 gages were corrected to account for the
presence of some longitudinal stress in the sheet at the
gsge locations., The corrections were based on calculated
stresses and were small (average about 4 pevscent).

Streesses in the ribs.— No msasuremants of stresses in
the rios were mede, because the use of filler pieces under—
neath the ribs btetween stringers resulted in too large an
uncertainty concerning the cross—sectional arca of the ribs.

When an attempt was made to apply the full test load
tc the large panel shown in figure 6, the rids at the cut-—
out buckled very badly., A4n approximate analysis of this
failure indicated that the load or the riv may be estimated
by using equation (15), but the analysis depends very
eritically on several factors which are not known with any”
degree of sccuracy; this failure of the ri%s cannot, there-—
fore, be considered as quartitative evidence.

CONCLUS IONS

The experimental evidence presented indicates that
the method of cut—out analys#s presented in this paper may
be used as a basis for stress analysis.,

The meximum stringer str esses calculated by this
method should be increased by 5 to 10 percent when the
cut—out is wide (a> 21v),.
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Additional studies on the magnitude of the maximunm
shear stressegs are desirable, ’

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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