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EFFECT OF RIVET AND SPOT-WELD SPACING ON THE STRENGTH
OF AXIALLY LOADED SHEET-STRINGER PANELS
OF 248-T ALUMINUM ALLOY

By Samuel Levy, Albert E. McPherson, and Walter Ramberg

SUMMARY

Bighteen 24S-T aluminum—alloy sheet—stringer panels
were tested in end compression under carefully controlled
edge conditions. The stringers were fastened to the sheet
by brazier—head rivets spaced 0.5 inch to 6 inches between
centers for nine of the panels, by spot welds spaced 0.5
inch to 4 inches between centers for six of the panels,
and by round-head rivets spaced 0,5 inch to 2 inches be—
tween centers for the other three panels.

In the tests of the panels with stringers fastened
to the sheet by brazier—-head rivets and by spot welds,
measurements were made of the stringer strains and of the
buckling deflections of the sheet. In the tests of the
three panels with round-head rivets only the buckling
loads and ultimate loads were measured.

The buckling load and the deflection of the sheet
between rivets and spot welds were compared with Howland's
theory. The buckling load of the sheet between stringers
and the deflection of the sheet between stringers were
compared with Timoshenko's theory. Most of the observed
buckling loads and deflections were in agreement with
these theories and indicated that the two types of buck-—
ling were substantially independent of each other for the

specimens tested.

Four of the panels with brazier—head rivets and
three of the panels with spot welds failed by separation
of rivets or spot welds at stringer stresses of 24.2 to
39.5 kips per square inch. The other panels failed by
stringer instability at a stringer stress between 37.0
and 42.0 kips per square inch.

The observed effective widths of the sheet between
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stringers were from 8 percent lower to 20 percent higher
than those calculated from Marguerre's approximate formula
up to an edge strain at which buckling occurred between
rivets or spot welds. The sheet load remained approxi—
mately constant after buckling of the sheet between rivets
or spot welds.

A nomogram was devised for calculating the load for
failure by stringer instability of panels of the type
tested as a function of rivet or spot-weld spacing,
stringer spacing, reinforcement ratio, and ecritical
stringer stress.

For the 11 panels that failed by instability of the
stringers the observed strengths at failure were within
6 percent of those calculated from the nomogram; for the
seven panels that failed by rivet and spot—weld fracture
the observed strengths were from 2 to 24 percent below
the calculated values for stringer instability. The es—
timated loss in strength because of failure of rivets or
spot welds exceeded 6 percent for only two panels for
which the average sheet stress at failure was between 10.0
and 25.0 kips per square inch. No significant differences
were found in the strength of panels fabricated with
brazier—head rivets, spot welds, or round—head rivets.

INTRODUCTION

The strength of sheet—stringer panels in end compres—
sion has become a problem of importance with the increasing
use of stiffened sheet to carry compressive loads in box
beams for airplane wings and in other types of monocogue
construction. In view of the importance of this problem
the Bureau of Aeronautics, Navy Department, is supporting
a long-range program on tests of sheet—stringer panels
under carefully controlled edge conditions; the test pro-—
gram is being conducted at the National Bureau of Standards.

The first portion of this research program, consisting
of an experimental study of deformation and effective
widths of axially loaded sheet—stringer panels, was pub—
lished as reference 1.

The second portion of this program, which is described
in this paper, had the following objectives:

1. To determine the effect of the spacing of the
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stringers and the spacing of the fastenings, riivete i or
spot welds, on the strength of the panel

2. To compare the strength of panels fastened by
spot welds, brazier—head rivets, and round-head rivets

3. To investigate the buckles, both elastic and per-
manent, in the sheet between fastenings and between

stringers,

The authors are indebted to the Navy Department for
permission to publish this work as a restricted paper.

APPARATUS AND TESTS

Panels

The dimensions of the panels are given 1in tiabille el
and in figure 1. The stringers, the sheet , ‘an@ hesr iy
ets were 245S—-T aluminum alloy. The striangers were nomh—
inally of the same dimensions for all the panels. Actu—
ally they varied between a cross—sectional area of 0.183

and 0.193 square inch.

listed in table 1 have string-—
ers and sheet fastened by brazier—head rivets. The nom—

inal ratios of stringer spacing to sheet thickness (v/t)

40, and 160, and the nominal ratios of fastening

(L/t) are 20, 40, and 80.

ait ioms SOk

The first nine panels

anie .20,
spacing to sheet thickness
These ratios were chosen to give all combin

buckling between stringers and between fastenings varying
from buckles between stringers but not between fastenings

/’"' N\
for panel 7 f o i s % = 161) to buckles between fas—
. 7
tenings but not between stringers for panel & <% = s
< :
B aribaio. ) .
b J
To determine the effect of other fastenings on the
strength, there were included panels 10 to 12, fastened
by round—head rivets and panels 13 to 18 fastened by spot
welds.

Mechanical properties of sheet and of stringezs . —

Tensile tests and pack compressive tests were made of
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specimens from the sheet used in the panels. The resulting
stress—strain curves are given in figure 2 and the mechani-
cal properties are given in table 2.

One stringer (cross—sectional area = 0.194 sq in.) was
cut into several specimens to determine the effect of length
on the compressive strength., The specimens were cast in
Wood's metal to a depth of 3/8 inch at each end. (See fig,
3.,) Figure 4 shows the specimens after failure and figure
5 eshows the ultimate loads and the loads corresponding to
the yield strength. The loads corresponding to yield
strength were obtained by the O0.2-vercent—offset method
from the compressive stress—strain curves. It is evident
that a 4—inch length was sufficiently short to prevent in-
stability before the yield strength was reached. Four-inch
lengths accordingly were used to determine the compressive
properties of the nine lengths of stringer stock used in
the panels, Figure & shows six of these specimens after
test and figure 6 shows the resulting nine compressive
stress—strain curves. The mechanical proper%ties are given
in table 8.

Mounting panels in testing machine.— The panels were

mounted in the testing machine after the ends had been
ground flat and parallel in order to obtain uniform load-—
ing of sheet and stringers. The sheet was centered on
ground steel blocks A (fig. 7) with the centroid of the
specimen near the center of the blocks and was held in
this position by tension rods H attached to the ends of
the blocks. COrinkling failure of the sheet at the ends
was prevented by forming a mold around the block and cast
ing Wood's metal to a depth of about 1/4 inch around the
end of the specimen, The castings were rigidly attached
to the blocks by keys formed by the metal flowing into
1/4—inch holes inclined 150 from a perpendicular to the
surface of the block, The specimen was then centered on
the platen B of the testing machine and the tension rods
were loosened., A plaster cap C about 1/8 inch thick was
placed between the top block and the head of the testing
machine to assure uniform bearing of the head against the
block.

The edges of the sheet were supported laterally by
two pairs of bars D (fig. 7) approximating the support of
the sheet at the stringers. (See reference 1, p. 5.)
Details of construction of these bars are shown in figure
8. The bars were separated by spacers the thickness of
the sheet. Clearance between the spacers and the sheet
permitted expansion of the sheet under load. For the pan-—
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cls with fastening spacing equal te or less than the
stringer spacing the bars were assembled as shown in fig—
ure 8(a). For the panels with fastening spacing greater
than the stringer spacing the bars were assembled with
localized supports on the sheet side of the panel to
simulate the support given by the fastening at the string—
ers. These supports are shown at E in figure 9 and in
fisure 8(b).

The edge—support bars D were bolted to the spreader
bars F (fig. 7) and the assembly, D and F, was supported
on two pieces of sponge rubber G. The clearance between
the ends of the bars D and the Wood's metal did not ex—
ceed 1/8 inch,

Strain measurements.— Pairs of strain gages were at-—

tached to only the stringer side of the panel and the
sheet side was left free for deflection measurements. The
extreme—f iber strains on the outstanding flanges of the
stringers were measured by 2-—inch Tuckerman strain gages
(A, fig. 10). The strain in the stringer flange adjacent
to the sheet was measured with the aid of Meisse trans—
fers (reference 2) and strain gages shown in more detail
in figures 11 and 12. "Hold-down" forces only were ap—
plied to the transfer by the harness B (figs. 10 and 11)
attached to the flange of the stringers by small heok
bolts C and C!'., Bolts C were tightened snugly while
bolts C' were tightened only enough to hold the harness
against the stringer. The effect of 'the harness on the
strength of the panels is believed to be negligible.
Examination of the panels after test showed no tendency
to fail outside the region between C and C! (fig. ey St
which the harness exerts the maximum restraint,

On the assumption that the strain varies linearly
with the distance from the sheet, the average strain ¢
in the stringer was computed from the measured strains
€, and ¢z (see fig. 13) by the formula

c/2
€= € + Zé: (ex — €;) £1)

Substitution of the numerical values given in figure 1
gives

€= € + 0,533 (€5 — ¢€) (1a)
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Similarly, the strain ¢' in the flange adjacent to the
sheet was computed by the formula

El

(1 5 -ET (eg— €;) - (2)
c—h .

which gives

1

i

€ €2 + 0,0666 (ez — €4) (2a)
Deflection measurements.-- The lateral deflection of

the sheet midway between rivets along a stringer was

neasured by use of the gage shown in figure 9. The bar

O had a conical seat at P and a longitudinal groove seat

at Q for locating the gage on adjacent rivets, as shown

in figure 14. There was a dizl micrometer M midway be-—

tween the seats, To detect any change in the gage, read-—

ings were taken on the standard bar S, The differences

in these readings during a test did not exceed 0.001 inch,

To locate the gage on spot welds, steel balls 1/8 inch

in diameter were attached with cellulose nitrate cement,

g5 "shown ¥n figure 15,

The lateral deflection of the sheet midway between
stringers was similarly measured. Since the deflections
of the sheet were measurced midway between fastenings,
they were not necessarily at the crest of the buckle be—
tween stringers.

-

Test schedule.— The panel was mounted in a vertical
test ing machine having a capacity of 100 kips. Strain
gages were attached to the panels with brazier—head riv—
ets (panels 1 to 9) and to the panels with spot welds
(panels 13 to 18), and both stringer strains and deflec—
tion of the sheet between rivets or spot welds were read
for small increases in load. The load was brought back
to a2 low value at regular intervals to measure the per—
mament set in the stringers and in the sheet. Deflection
of the sheet between rivets or spot welds was measured
e spanedlicl A s 20 B8 4 S5 e A8 9 lidys 365, 16, 1% aind 18
and deflection of the sheet between stringers was measured
for panels 7, 8, 9, 13, and 14, The deflection between
rivets or spot welds was not measured for panels 7 and

13 because the deflection between stringers predominated
in these panels. Deflection between stringers was not
mesisinroid fors panedie Il 42 % 3 A b, 6, 25 16, 17, and 18
since the deflection between rivets (or spot welds) was
predominant in these panels. Only the buckling and fail-
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observed for the panels with round-—head
12 .

ing loads were
#ivets (pamels 10, 11,

RESULTS OF TESTS

Strains.— The load-strain graphs are shown in figures
lies Hlon &101, The strains in the stringer are the average
strain ¢ and the strains in the sheets are the strains
€', if it is assumed that the strain in the sheet is equal
to the strain in the adjacent flange of the stringer., This
assumption is justified if there is no slip in the rivets

or the spot welds,

Deflections — The graphs of strain against defleetion

along the stringers (figs. 31 to 43) and between the
stringers (figs, 44 to 48) show a much better correlation
between strain and deflection than between load and de-—
flection because the deflection depended upon the strain

in the adjacent flange of the stringer, Some of the small
deflection readings were omitted to make the graphs clearer,
but all the large deflections are shown.

Failure.— The ultimate load, the average sheet strain
at failure (where measured), the average stress at failure,
and the type of failure for the 18 panels are summarized
in table 4.

Buckling of sheet between fastenings.— The elastic
buckling of the sheet between fastenings has been calculat—
ed by W, L. Howland (reference 3) on the assumption that
the lateral deflection is the same as that for a "fixed-
end" Euler column of length equal to the fastening spacing
and depth equal to the sheet thickness, On this basis
the buckling strain is given by

2¢ R
. =E’ﬁg=1;132_ (3)
where
= buckling stress
B Young's modulus

30 sheet thickness

L fastening spacing
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Equation (3) is plotted in figure 49 as curve A,

Above the proportional limit the buckling strains
given by curve A are too high. This condition was cor-—
rected by replacing E with the combined modulus (refer—
ence 4 or 5) for the four sheet materials as calculated
from the compressive stress—strain graphs in figure 2.
The results are shown as curves B in figure %£9.

Observed buckling strains were obtained from figures
31 to 43 as the intersection, with the strain axis of a
curve through the points for large deflections. They are
plotted in figure 49 for comparison with the calculated

L
velues. The point for 4 = 19,0 (panel 4) resulted

from combined buckling between rivets and stringers in
the plastic range. It was disregarded in drawing curve
€. It is evident that both the panels with brazier-—
head rivets (curve C) and the panels with spot welds
(curve D) buckle at strains somewhat lower than those
calculated. A comparison of curvesC and D indicates
that the panels having spot welds (curve D) approach
somewhat closer to the fixed—end condition (curve B)
than do the panels having brazier —head rivets (curve C).

The deflection of the sheet between fastenings,
the maximum stress in the sheet, and the strain at which
the buckles became permanent were also estimated upon
Howland's assumption that the sheet deflects like a
fixed—end Euler column. The deflection Ve midway be-—
tween fastenings is then given by

gaet d
- g_v/r;_ | _ bl
b ’V/—E ¢

€' stringer strain at surface joining sheet and
stringer (See equation (2a).)

where

€¢c buckling strain obtained from curves B (fig. 49)

The maximum stress o in the buckled sheet is at the
crest of the buckle on the stringer side of the sheet.
It is given Dby

g T
.1+ 2/8 fE -1 (5)
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It is assumed that the permanent set is appréciable when
the maximum stress 0 attains the yield strength OJg
(offisiett = 0.2 Dercent) of the material. The strain €'S
for permanent set is then given by solving equation {(8)

for ¢!

o e W i e i (6)
L ) |

Inifisures B1 %o 42, the strain €' deg plotved
against the-theoretical deflectlon according to equation
(4). (In fig. 39 the curve is off the paper.) For pan-—
elavip. 8% 5, 6,9, 16, 17, 'and 18'the measured deflce—
tions were in rough agreement with the calculated deflec—
tions until yielding began in the sheet material. They
were consistently larger than the calculated deflections
for panels 1, 4, 14, and 15. In these panels the sheets
buckled in the plastic range where the effect of initial
cccentricity on the deflections is great (reference 5,
P 58). The negative deflections indicated buckling of
the sheet toward the stringer. The negative deflections
could not increase after the sheet was in contact with

the stringer.

The theoretical straln ratio for permanent setl aec—
cording to equation (6) is plotted against the ratio of
yield stress to buckling stress in figure 50. The ob=
served points were plotted by using: for e,, the ob-—
served buckling strain (curves C and D in fig. 49); for
gat, the corresponding stress as given by figure 2; for
Ogs the compressive yield strength as given by table 2;
and for €'y, the strain estimated Eriom ‘Eiirure sgd Lo
43 at which the permanent set in the buckles exceeded 10
percent of the total deflection. Pamnels 2, A s RGO
11, 12, 13, and 17 had to be excluded from the comparison
because no éstimate of an experimental value of €'y
could be made from the available data. The points in
f0 e B0 $or the othbr pamels 1, @, 8, 6, 8024015, 16,
and 18 agree with the calculated curve (equation (6))
within the obserwvational error for the strain for per—
manent set.

Typical buckles between fastenings are shown in fig-—
ures 9, 15, 51, and 52.. Buecklews 'like those shown caused
failure of the rivets (panels 1, 2; 4, and 5) or of the
Spot walde (panels 15, 16, . and 17) for 7 of the 1€ panelss
In all except one of these panels the sheet strain at
failure was much less than the sheet strain at failure
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for the panels that failed by instability of the stringers.
(See table 4.) It follows that failure of rivets or spot
welds may reduce appreciably the strength of sheet—
stringer panels.

In all of the cases of rivet failure and in some of &
the cases of spot—weld failure, the failure was accompa-—
nied by a loud report. In the other cases of spot—weld
failure the weld gradually tore as the sheet peeled back
from the stringer. Following the failures, the sheet and
the stringer separated about 1/8 inch and, in the case of
the spot welds, a hole wge left in.the sheet. This re-—
sult indicated excessive tensile force Jjust prior to {
failure and the need for adequate tensile strength in
riveted or spot—welded joints.

Al tengile foree dis set up by the prying action of
the buckled sheet, as shown in figure 53. Outward buck-—
ling of the sheet started between rivets B and C. This
outward bueckling caused inward buckling between the adja-
cent pairs of rivets A and B and rivets C and D. The
inward buckling was, however, restrained by the stringer,
and the sheet remained nearly straight along AB and CD.
Rivets B and C were subjeeted to a tensile force caused
Py the prying action of the buckled sheet, as well as to
a bending moment and a shearing force. A numerical evalu-
ation of these forces appears out of the question even
within the elastic range.

An approximate analysis under simplifying assump-—
tions was made, but this analysis led to a formula involv-—
ing too many empirical constants to allow both the deter—
mination of the constants and the checking of the relia-—
tility of the formula from the data at hand. An estimate
of the effeect of rivet and spot—weld failure on the
strength of the panels is given in a later section. This
effect resulted in a loss in strength of 2 to 24 percent.

Deflection of sheet between stringers.— A theoretical
value for the strain for buckling between stringers €or

was obtained upon the assumption that the sheet would
buckle like an infinitely long plate of constant width and
constant thickness the edges of which were clamped. The
buckling strain may be expressed by a fermula of the type
proposed by Timoshenko (reference 5, p. 3839)

Toas D
€y = Tt (7)
°® ¢t E
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E t3
bafto—aqu®)

where

D flexural rigidity of sheet

s etiinser spacing

p Poisson's ratio (0.3 for material)

The coefficient k for rigidly clamped edges is 7 (ref—
gvenes 5, p. 345).

The theoretical strain for buekling of the sheet be-
tween stringers was obtained from equation 7 by the use
of the known diménsions of the panel and the elastic
properties of the sheet. The theoretical and observed
buckling strains for the panels that buckled between
stringers before buckling between fastenings are given
¥n $table 5. The agreement is good for panels 7, 8, and
9. The calculated buckling strains for the other panels
were in the plastic range for which this theory doses not
apply. It was felt that it would not be worth while to
extend the theory to the case of plastic buckling because
of the difficulty of adequately describing the imnitial
eccentricity.

The deflection Y of the buckles midway between
stringers was calculateg from the extension of Timoshenko's
approximate theory as outlined in reference 1, SN s ot o)
of buckle width to buckle length of 1,49 was used corre—
sponding to rigidly clamped edges. For panels 7, 8, and "G,
W G008 tneh, e,y = 2.48x10~%, Substituting these val-

ues in equation (14) of reference 1 gives:

Tt = 20U0ep? /40280 «* ~"1 fuel (8a)

G0 T G a4, | © s 00BN iRy e ST BT
Substitution of these values in eguation ?14) of reference
1l gives

y = £0.046v/ 7240 ¢' — 1 inch (8b)

Equations (8) are plotted in figures 44 to 48 for compari-
Semwiith Ghe observed :defiliectiions fior panedisi 7 8, Ol &
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and 14. The observed deflections were bounded approxi-—
mately by the theoretical crest values for panels 7 and 8.
In the case of panel 9 the agreement was satisfactory up
to a strain of 5Xx10™% at which a change in buckle pattern
occurred. (See fig. 52.) In panels 13 and 14 the sheet
began to deflection plastically at a strain considerably
below the theoretical strain for elastie buckling.

Effect of buckling on sheet load and effective width
ceded buckling between stringers 1in panels 1, 2, 8,5, 6,
16, 17, and 18, As mentioned in a previous section, the
sheet was found to buckle like an Euler column. The sheet
load would therefore be expected to remain nearly constant
after buckling., This condition could be checked for pan-—
els &, 6, 16, 17, and 18,in which buckling occurred be-—
tween rivets or spot welds where the strain gages were at—
tached. It was found that the sheet load for these panels
remained fairly constant up to failure except for a small
decrease after permanent set in the sheet buckles.

Buckling between stringers occurred first in panels
A8 9 G 1 14 A5, Marguerre 'sif ermula i or efificetive
width (reference 1, p. 45)

= 1 - st SuBestin )

CI‘]

o'|=

£ gR\ e " e 4
B B == e Y > Bisaltn
\e' ba/ ¢ ( / )

>
b

was chosen for calculating the lonad in the sheet.

In figures 16 to 3Q are drawn calculated curves, using
a value of E = 10.8x10% pounds per sguare inch and
assuming that the load carried by the sheet is given by
Marguerre's formula until buckling occurs between rivets
or spot welds (curve B, fig. 49) and is constant after—
ward.” It is seen that, except in the case of panel 17
(fig. 29), where the strain gages were partly over a
buckled region and partly over an unbuckled region, the
.agreement between the calculated and the observed results
is good up to stresses where yielding becomes appreciable.

The observed effective width w of the sheet was
computed from the relation (reference 1, p. 39)

i
h
Fien T (10)

to‘s
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where
Psh sheet logd

Ty longitudinal compressive stress corresponding to
gtrain €' (figs72) onusheet side of stringel

The sheet load Psh was calculated by subtracting the

total load carr¥*ied by the stringers from the applied load
and dividing by 4 (corresponding to the four sheet bays).
The load on each stringer was obtained from the average
stringer strain (equation (1)), the compressive stress—
strain curve of the stringer material (fig. 6), and the
cross—sectional area of the stringer (table 1).

The observed effective widths for panels 7, 8, and 9
and for panels 13, 14, and 15 are plotted in figures 54
and 55, respectively. The calculated effective width
according to Marguerre's formula (equation (9)) is plot-
ted as a full line in these figures. The dashed curves
were calculated on the assumption that the sheet load was
constant aftcr the sheet buckled between fastenings and
was equal to the load just preceding buckling. In the
elastic range this assumption leads to an effective width
formula

w : ) :

L P i Akl

- GE U
where

w, effective width according teo equation (9) when
SRR ' ;

The observed effective widths were from 8 percent
smaller to 20 percent greater than the calculated effec—
tive widths up to an edge strain at which buckling oc-
curred between fastenings. The effective width after
buckling was smaller than that given by Marguerre's for-—
mple (full 1ine ind Figskivbd anid 55). Except for panels
14 and 15 immediately after buckling, it was greater than
that calculated on the assumption of constant sheet load
(dashed lines in figs., 54 and 55).

Strength of panels.— The strength of the panels that

failed by stringer instability could be estimated as a
function of the following quantities:

ARNSE oita 1 area weffipanel

area of stringer
tobal area of panel
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and of the stress—strain curves of the sheet and the
stringer,

The load carried by the stringers was calculated asg

Bad i Edo,y (12)

where O 4y is the stringer stress for instability.

The load carried by the sheet was calculated by ap—
Plying the equations for effective width discussed in a
previocus: sectiion. In particular it was assumed that, be—
fore buckling ocgurred between rivets or spot welds, the
sheet load could be calculated from Marguerre's effective—
width forsnula (equation (9)) and that, after buckling
occurred, the sheet load would be constant, With these
assumptions the load carried by the sheet becomes:

w
Pay = (isrhd 35 T (13)

where  w, is the effective width according to Marguerre's

formula (equation (9)) corresponding to an edge strain e,
or an edge stress O the relation between ¢, and 0,
is given by the longitudinal compressive stress—strain
curves (fig. 2), The edzge strain €. Wwas chosen as the
lowest one of the following two values: the strain corre-
sponding to stringer instability or the strain correspond-
ing to buckling between rivets according to curve C, fig—
ure 49. (Curve € was used for all the panels because it
is slightly on the conservative side for the spot—-weld
panels and because there were no measurements for the
round—head rivet panels.)

The total load on the panel is
P = Pgy + Pgp
and the average stress in the panel is

2 % ;
= 8 + _sh (14)
A A

A
The solution of equation (14) for the average stress
in the panel at failure may be conveniently obtained from

the nomogram shown in figure 56. This nomogram was com—
puted by using the average compressive properties of the
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sheet and stringer in figures 2 and 6. If jefon exampiden
B o L/, b/t, and r are given, the procedure for de-
termining P/A 1is as follows. PFrom a given value of

O, on scale I draw two lines: one line to scale III
intersecting scale II at the given value of ‘©, _and the
other line through point O intersecting scale I', If the
last—-mentioned intersection is at a value on scale I'
less than the given value of L/t, use the given value
of L/t in the subsequent procedure; otherwise use the
value at the intersection on scale I'. Draw a line be-
tween the given value b/t on scale XI and the proper
value of L/t on secale Xu Brom the interseet lontofl Stihids
iiline with secale IX, or from 1 on scale IX in the case iof
no intersection, draw a .line through the proper wvalue of
L/t on scale VIII, PFrom the intersection of this line
with scale VII, draw a line intersecting scale VI at the
given value of r. Finally, from the intersection of
Ghig ldine wilth "scale iVl draw 'af cllegiing  linelttio theimber=
seation with scale III of the firet line drawn. The in-
tersection with scale IV of the line between scales V

and III determines ©P/A. It may be noted that the inter-
seetions with scales III, V, VII, and IX determine the
values at failure of Pst/A' Psh/A, ogp (average), and
wc/b, respectively.

Scale IX in the nomogram gives the ratio of effec-—
tive width to initial width of the sheet at the time of
stringer instability or of buckling between rivets or spot
welds: it cannot exceed 1 because the effective width can-
not exceed the initial width., Scale I' gives values that
should be used instead of L/t wherever L/t is less
than the intersection on scale I', thus taking care of
those cases where stringer instability occurs before buck-—
ling between fastenings,

The use of the nomogram will be, illustrated by solv—
ing the following two examples:

Example 1:

Ot = 39.5 kips per square inch % = 20

% = 80 T = 05 A = 1.5 square Tneches

?he golution ig given by lines A — A In figure 66, ae Tol-
ows !

Draw a line through ogy = 39.5 kips per square inch
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onigcale Lsand i ir = 0.5 on sicale LI, ¢ Draw e line through
Ogt = 39.5 kips per sguare inch and the point O intersect-—
ing -scale I'. Since the value at the intersection is less
4 _
than 20, use ; = 200 .as directed. Draw a line t-hrough
L
% = L0 fomilisical e XIS ang -~ = 20 Lon sicale X. Dyaw a iline
i 17

through the intersection of this line with scale IX and

oF |

= 20 on scale VIII, Then draw a line through the inter-
gele't eniyofl “Hible: Wlast ldne with seale VIl and /r =.0.5  on
soaler Vi, Connect the intersection of the line with scale
V and the intersection of the first line with scale III.

I)
The connecting line intersects scale IV at X = 30.1 kips

gquare inch. The load at failure is therefore
O AR B88 0, Vo 1B e="45.1 kips,

= L
Og¢ = 45.0 kips per square inch Fa = 40
b ' :
s = 20 L= RR() 6 A = 1,256 square dinches
The solution is given by line B — B in figure 56. The

same procedure is followed as for example 1 except that,
since the line drawn between scale XI and X does not in-—
tersect scale [X, the censtruction procesds from 1 on this
scale as directed. The solution is given by the intler—

section of B —- B with scale IV at = 34,8 kips per

= | o

Sguare el or TP = 34,8 X 1,25%= 48 .6 kips.

Panedliand.. 6, 7, B, -9, 13, 14, and k8 were tested
with strain gages attached and failed by stringer insta-—
bildtyvat stringer stregses varying from 37.0 to 42340
kips per square inch with an average value of 39 kips per
square inch. .The failing loads of these panels were com—
puted from the nomogram on the assumption that the
stringer stress at failure was 3¢ kips per square inch;
they are plotted against the observed failing loads as
open points in figure 57. The values for the panels that
failed by separation of rivets or spot welds are shown on
the same figure as full points.
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B tneungh 7 41, 28, 4.5, 15, 16, and 17%) of the 18
panels failed in the rivets or spot welds, only 2 (2 and
16) of the panels failed at loads more than 6 percent be-
low those estimated in the absence of failure of rivets
or spot welds. In all seven of the panels that had rivet
or spot—weld failures, buckling between fastenings pre-—
ceded failure of the fastening. It seemed reasonable,
therefore, that the strength of those panels having a high
average sheet stress at the time of buckling was not ma-—
terially reduced by failure of rivets or spot welds because
the sheet already was carrying almost its maximum load.

At the other extreme, it seemed reasonable that the
strength of those panels having a low average sheet stress at
the time of buckling would also not be materially reduced
by failure of rivets or spot welds since in these cases
the sheet would have to be quite flexible and could not
exert a sufficient force on the rivet or spot weld to
cause failure until the load on the panel was almost a
maximum. Between the extremes of high and low average
sheet stress there is probably an intermediate region for
which failure of the fastenings may appreciably weaken
the panel.

The existence of such an intermediate region 1s con-—
firmed by figure 58 showing the ratio of observed failing
l1oad to calculated failing load and the average sheet
stress at failure calculated from the nomogram, scale VII,
figure 56. It is evident that outside the "danger zone,"
average calculated sheet stress between 10 .and 25\icips per
square inch, failure of fastenings did not cause a material
reduction in the strength of the panels; although fouir of
the seven failures of fastenings actually eccurred outside

whidls Pange.

Examination of scales VII to XI of the nomogram shows
that the average sheet stress for failure by sStndneer’ in=
stability of aluminum-alloy panels of this type dis: &l
function only of the ratios L/t and b/t (provided the
ratio L/t is greater than the intersection on scale 1o,
The danger zone shown in figure 58 may be expressed as a
function of these two ratios as indicated in figure 59,
This figure is presented more as a guide in planning fu-
ture tests than as a guide to designers of panels. The
number of panels tested was not sufficient to define
clearly the region in which serious weakening by rivet or
spot—-weld failures might occur.

Furthermore, it should be realized that filcunes 561
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58, and 59 are based only on tests of 24S-T aluminum-—
alloy panels with 2 stringers, They cannot be safely
applied without experimental confirmation tes panels of
other materials and with other types of stringer.

National Bureau of Standards,
Waishington, D. C., October 1941.

REFERENCES

1, Ramberg, Walter, McPherson, Albert E,, and Levy, Sam:
Experimental Study of Deformation and of Effective
Width in Axially Loaded Sheet—Stringer Panels.
ToNey Mol 684 "NAGH . 19897

2., Meisse, L. A.: Improvement in the Adaptabdility of the
Iiclkerman strain 'Gagen 4. S.0.M0 . Proe.,; wold &7,
pt, II, 1937, pp. 650-654.

(9N}

Howland, W. L.: Effect of Rivet Spacing on Stiffened
i n“Sheet under Compression. dJour. Aero. Sei.,
vol. 3, no. 12, Gct. 1936, pp, 434-439,

4, von KArmdn, Th.: Untersuchungen tber Knickfestigkeit,
Forschungsarbeiten, Heft 81, 1910,

o2}

Timoshenko, S.: Theory of Elastic Stability., McGraw-—
HeaslUe e Biaodk. €a, , 4nc., 1936




TABLE 1.- DESCRIPTION OF PANELS
[See also fig. 1

ross~ Cross- Length of|Width of |Thickness|Rivet or
sectional| sectional| panel, 1 |panel, Lb of spot-weld Type of
Panel| area of area of sheet, t |spacing, L b/t L/t fastening
panel each
stringer
(sq in.) (sq in.) {in.) (in.) (in.) (in.)
1| 1.350 0.183 12.00 8.00 0.100L 2.00 20.0| 20.0{
2| 1.34 .183 12.00 8.00 .1007 k.00 19.9| 39.7
7{ 1.051 .193 18.00 £.00 .0783 6.00 19.0| 76.1
4] 1.522 .193 12.00 | 32.00 .0790 1.50 37.9{ 19.0| | Brazier-
5 .989 .193 11.99 .00 .0511 2.00 39.1| 39.1| >head
6 .92 .193 12.00 8.00. 0517 4.00 38.6| 77.3|| rivet
7| .99 184 12.00 | 16.00 .024g 90 - Q6T | 20k
g .952 .184 11.96 15.99 .0250 1400 160 40,0
9| .3k .18k 12,00 | 16.00 .02l 2,00 162 | 20.9|]
10 9Lg .18l 11.99 16.00 L0247 .50 162 20.2{ 1 Round~
: 5 3 <979 .193 12.00 16.00 0250 1«00 160 40.0| ¢ head
¥ .976 .193 12,00 16.00 0248 2400 161 80.6| | rivet
151 B .192 11.99 .00 .0507 .50 39.4| 9.9(]
14 .978 .192 120 .00 L0502 1.00 39.8| 19.9
15 .965 .185 11.96 3.00 .0512 1.50 39.0{ 29.3| | Spot-
16 .967 .185 11.99 8.01 .0515 2.00 39.8| 39.8| [ weld
17 «954 .185 11.99 g.00 .0499 3.00 40.0( 60.1
18 .959 .185 11.99 8.02 0500 4,00 40.1| 80.0|)
l

968 ‘0N 930N T®BOTUYISL VOVN
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TABLE 2,~ TENSILE AND COMPREéSIVE PROPERTIES OF SHEET

[ See alsc fig.

2]

Tominal Direction of Young's modulus Tield strergth Tensile
thickness load i (offset = 0.2 J’porcept) strength
of sheet Tension Commression Tension Compression
(in.) kips/sq in.) |(kips/sq in.)|{kips/sq in.) |{kips/sq in.) (kips/sq in.)
0.025 |Longitudinal 10,400 10,700 53.5 u5.5 71.6
.025 |Transverse 16800 . e 45.9 S 69.6
.052 |Longitudinal 10,500 10,800 573 415.0 T2.7
.052 |Transverse 10,300 —— 45.5 ——— £9.0
.079 |Longitudinal 10,400 10,800 53.5 L9 71.9
.079 |[Transverse 10,500 @} e U5.5 ——— 69.4
.100 |Lengitudinal 10,400 10,700 49.5 uh.6 69.9
100 |Transverse 10,300 . | @ e 45,1 ———— ‘67.3

968 "ON 930K T®BOTUUOeT YVIVN
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TABLE 3.— COMPRESSIVE TESTS OF 4-INCH LENGTHS OF

STRINGER STOCK USED IN THE PANELS

Used in| Cross— Young's Yield Ultimate
pPanel |sectional modulus strength strength
area
(sq in.) |(kips/esq in.) |(kips/sq in.) |(kips/sq in.)

il R 0.183 110,700 40.3 47.6
S 14 Sl SIS 10,800 &949 49,6
2y B 193 1, Q00 40.3 48,9
T 8 .184 10,900 9.9 490
9.8 110 .184 10,800 39.0 47.5
1L ) 198 10,600 BhF il 5045
1& o il w92 10,600 &89 48,2
iH., 16 + 185 10,800 40.9 48.1
LT I SEB88 10,800 40.8 48,7

TABLE 5.— BUCKLING

OF

SHEET BETWEEN STRINGERS

Panel L/ % b/t

Buckling strain

Calculated Observed
(a)
. s —4& bor —4

4 19,0 B9 44 ,2%x10 Sots o0
7 207 o A e L 20 3.8
8 2040 160 a5 2.5
9 80.9 [ 362 2D 2ia0
13 9.861 39.4 41 .4 260
14 159,19 IF 1398 40.2 D85
15 29,3 39.0 41.8 24.3

8Ppigsson's ratio =

and that the edges are

0)

3. Calculated on the
assumptions that the plate remains elastic

®In the edge bays only.

clamped.



TABLE 4.- FAILURE CF PANELS

Stringer Stringer |Rivet or |[Maximum| Strcss Stringer Sheet Type of
Ranel|area = spacing + |spot-weld {load, P (average), stress, = strain failure
total area,|thickness,!spacing = P/A (average),
Agy b/t thickness,| (kips)|(kips/sq in.)|{kips/sq in.) ¢'
r o= — L/t
rg
3 0.406 20.0 20.0 L7.0 3.9 35.3 3h.8x10” ¢ Bt
2 Lok 19.9 39.7 29.0 21.4 2.2 19.9 R
3 .550 19.0 T6.1 24,6 23.4 38.5 62.0 Stringer
L .379 37.9 19.0 49,1 ) 34,7 29.1 | e
B i x Rivet
5 587 39.1 35.1 29.b 29.7 35.5 60.0 I
6 .583 38.6 $rul 25,4 25.6 40,2 60.0 i
7 .5H81 161 20.1 27«3 28.9 42,0 55.0
8 579 160 40.0 25.3 26.6 38.0 50.0
9 .H82 162 80.9 23.8 25.1 38.7 550
10 .H83 162 20.2 2041 28.6 —— | ee——— > Stringer
Xl H91 160 40.0 27 +2 27.8 PR g TS
12 .593 161 80.5 2641 26.8 —— ———————
1 587 39,4 9.86 34.8 35.5 37.0 49.0
1 .588 39.% 19.9 33.2 34.0 37.0 52.0
A
15 575 39.0 l 29.3 30.8 31.9 35.7 e
15 SHTH 39.8 39.8 26.1 27.0 F4.7 38.5 > Spot-weld
17 581 40.0 60.1 23.5 2h.7 35.1 28.0 !
18 578 40.1 £0.0 23.9 25.0 40.1 55.0 Stringer

930N T®OTUYDSL VOVN
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é siringer,
Alcoa die Na. 8849

Figure l.- Construction of sheet-stringer

panels and nominal dimensions of
stringer, Stringers fastened to sheet by
1/8-inch brazier-head rivets for panels 1 to
9; 1/8-inch round-head rivets for panels 10 to
12; and spot-welds with 1/4-inch indentation
diameter for panels 13 to 18.

60
| +——t L7
/4——“ LT
5 7 G L
7e ot £
ZTr %Lc Ze L
——
// / Ty
<40
e / //
o
0
-
g /
530
@ /o./oo/'n.
o 4
5 /
v // %
/0 // // //
o : -
—.00/ k— Strairn
Figure 2.- Stress-strain curves of 24S-T aluminum-alloy

sheet used in panels.
LT tension in direction of rolling
LC compression in direction of rolling

TT tension transverse to direction of rolling
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Figure 3.- Four-inch lengths of stringer after
compressive test.

w

Figure 4.- The 2-,4-,6-,8-,12-, and 16-inch lengths
of stringer after compressive test.
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50

20
—( 40 P2 :;i”ﬁ'§7,;«/ =
/6 < ’:;f12/4;;j;:j://)”//t;Qj///”//
) =
8 s d/ﬂ/; A4 ;/p/ f/i) /
1 8 AT
/2 -
X G0 4 4/ g ]
3 %
o sl LA LI AT
s e o Vo e i o e
~T 10 Jj J/
+Load corresponding 1o M
yield strength (offset .2%) 0
o Ultimate load —{.00/ k- Stroim
0 R e Figure 6.- Compressive stress-strain curves of four-inch
Length, inches lengths of Z-stringers; A, used in panels 1 and
Figure 5.- Compressive tests of 2% B, used in panels 3 and 4; C, used in panels 5 and 6;
specimens cut from one D, used in panels 7 and 8; E, used in panels 9 and 10; F,

length of Z-stringer, area = 0.194sagin. used in panels 11 and 12; G, used in panels 13 and 14; H,
used in panels 15 and 16; and I, used in panels 17 and 185

[::; (b) Panels
Localized support at .
© o fasteruing line, steel, wil ?h
X W PR Spacer equal sectior /8" x//2"~. 4 fastening
u S »  fo plate thickness : 5 =
ol S N : spacing
Q BN :
Sl 2 greater
| ) O
S Il & S than
Qe o stringer
2l 8 (a) Panels 8
S S, X . ; spacing.
E R W 2 with fastening
SL— W Edge cleorance . »
0.0/ irn. spacing equal to :
A or less than 4 p/ofe thickriess
(a-) (b)

stringer spacing.
Figure 8.- Edge supports.
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Figure 7. - Panel 1 after test.
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Figure 9. - Panel 6 after test.

Fig.
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Figure 10. - Panel 3 before test.
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Figure 12. - Meisse transfer and Tuckerman strain gage
for 0.2 - and 2-inch gage lengths.
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g = 470 Kips, L
e rivef failure D‘f&s;ox FlE
Permanent e
set
40 oo =
—t h k- @ 4 xO
o
° o
330 ©
8 oo E’Tofa/ strain
e'--1-4 -~ Ep \0-. o~
8 oo
s cg. of stringer, € ~ 20 {)%: i
] ) b oo o Stringer A
X i
% i ( G|
L c : o & Sheetat A
2 —>| _ 4 L R
& /10 o " i G
ople —— Calculated
| 7
! o .00/ o002 003 004 .005
c Strain
Figure 16.- Test of panel 1; b/t = 20.0,
8 _ I/%.=20.0.
Figure 13.- Strain Measure-
ments on stringers.
40
b
Permanert
30 = A 290 Kips,
et _T?Z'_ ~ | Fivef failure
é & oxX0 Total strain
‘0.20
Q o Siringer A
3 el L8
+ " (6]
A Sheetal A
/0 o 7 -
o " [ RR )
j —— Calculated
%] .00/ .002 .003 .004 .005
Strain ;

Fighre 17.-"Test of panel 23 b/t = 19.9, T/ = 39,7,
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Fig. 14

Figure 14. - Measurement of sheet deflection between rivets on panel 8.
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Figure 18.-
Test of
panel 3;
b/t = 19.0,
L/6'= 76.1.
Figure 20.-
Test of
panel 5;
b/t =39.1,
Lft = 5901

50 5€L ElEE Al e Ty e e
0% 48.6 kips, o + o
o rivet fajlureo
o Stringer A. la e’-’;’:’f’e’_' 4 oap/ +o
40 i 3 g 40 a0 1o
b Sheetaf g qoo/ X
: U ” " _m
GntsiroE 1
o Ca/clu/afeld e SLoTRe
30 (0]
%) | [ . Q ] ;
2 ; ; Figure 19.-73  Total Strain
X Stringers buckled, 24.6 Kips T S . of = A
RS ! X0 | 42 o o T % B_Ox I AP €s 0 Ry
g | * £ [ G el panel Al 8
=2 n%‘_k Permaonent ox0+ 4 b/t = 37.9 320
ser ety = Bt o Stringer A
L 1/t = 19.0. x 8
R | ' : ‘
o gﬁg& Total strain . Sheet at A
10 PR 10 o ” "
o " 0
i 53*% . —— Calculated
ﬁﬁ
0 .00/ 002" - .003 .004 .005 o .00/ .002 , 003 .004
Sitrain Strain
o Stringer-A
X “ B
40 40 i " C
s Sheetat A
o O ke e
Permanent 294 kips, S
20 sef rivet failure %0 | Ca/ciu/ Ofer
4+ b a X (oo ) . .
: St s buckled, 254 ki
o oo /251;0 A Figure 21.—m grgger S oue g J{E@
3\ |0 o +x4no Test of Q NN Pe/;monen/ dqa ?&Wou g
620]“" -0 panel 6; i_zg—x—n + 0 2¢ * o
3 e e b/t = 28,6, ol: o lase
= i : 1 a0 b L S B g ‘
® +  Jotal strain o Siringer g mt: o Oe4 | Total strain
X " =
10 + ~ c. Wy
A Sheetat A “%30 JPOt
Al T B
o e 2O 1&3’
S Ca/cu/afeld g
1 1
0 007 002 003 004 005 i 007 002 .003 004 005
Strain : Strain

9Gg8 °‘ON 830N TBoTUYdd]L YIOVN

1250z 61°'ar B33



T T T T ik T z
o Stringer A o Stringer A >
20 s " B 40 X " g
+ L (&) 5 " &
» Sheefatl A s Sheetat A =3
G S TR B e (]
" " & O " e g_,
ue — Coalculated — Colculated =)
| ! | 30 4 | | [ 5
¢ 1 Stringers buckled, 27.3 kips 3 ‘l I l g
Figure 22.- B e EATL o| Figure 23, - Stringers buckled, 25.3 Kjps e
Test of 8 sun Perman:em‘ sl Test of 3 roxgn " )/b*om e =
panel 7; £ 5 craelem nf{ o panel 8; EZO /zzr;manem‘ o 2k e g;'
th/t = 161, % A7 Bkt = Hekp ot i L ww”m/‘\;m @
L= 2018 5 Ag:;g,*x L/t = 40.2. S om . '::é | =
% X
sk Total strain ora *o,(;]’c:nn Total strain -
/08 ‘ ! | /o ) g | @
| +9) (@)}
N B :
IEEEEEE
: .002 .003 .004 .005 0 .00/ .002 .003 .004 .005
Strain, Strain
o Stringer A
40 3 PR 40
s Sheet at A
PR
o e e
—— Colculated 5
30 ; 3 OO
Figure 24.- Figure 25.-
Test of o Stringer flanges twisted, 23.8 kips Test of (&
[ panel 93 v " I LA panel 13; 220
a2y W20 e = o
b/t = 1627 g o Permaonent 57 © b/t 59.4, B :J
L/t = 80.9. § 4 |sef - L/t = 9.86. S -
= (7]
4 At Total strain "
/ / (AN
DO
) o
o [aS)
Kh O “ 0 ‘C)J
= Ca/clulafelro' [LS)
o~
0 .00/ .002 ~ .003 .004 .005 o .00/ .002 .003 .004 .005 -
Strain 3 g

Strain




Figure 26.-~

Test of
panel 14;
B/t = 29.8,
B7% = X9,
Figure 28.-
Test of
panel 16;
b/t = 39.8,
L/t = 39.8,
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40 40
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: : Figure 2he=. ] e
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Figure 30.-

panel 18;

B/L <4051,
L/t = 80.0.
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|
|
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Figure 33.-_
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Figs. 34,%5,36,37

.006 .006
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.005 005 O e = -2 / Q Yo}
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Ul itk % /
3 e " c(o " n ) 3
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Figure 34.- Deflection of sheet be-
tween rivets, panel 4.

/4 of' eral deflection,inches

Figure 35.- Deflection of sheet be -

tween rivets, panel D.
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Figure 52. - Panel 9 after test.



NACA Technical Note No. 856 Eigs. 55,57 ,58,569

] Fihkie) :
. O Stringer instabilit
10 et HE 100 o Rivet or spot weld
bt d=% d o \ o Load differs from nomo-
2 o g x\(\,\ 8 gram by more than 6Z
x| o T~ Parel 13
8 %> ‘ d 80 74L )
Sl e :
2 c
RRE 3
O /4\‘~
£I8.6 60
|0 - N i
0|9 77
2L P>
E &4 40 | Tentative zone in %
c P which rivet or spot wel
NIR 50
& 3 o Pa/”78/ 52 Failures may lower the panel r
%) ; e X strength morte than 6%
Marguerre, simple suppor?
2 — — Effective width correspornding 20 g )
g 7o buckling /oad of Sheet X ‘
between spot welds
0 .00/ .002 .003 .004 0G5 40 80 i 120 160

Edge strair, € =
Figure 55.- Comparison of effective width ; )
of panels 13,14, and 15 with Figure 59.- Tentative zone where
theoretical values. the strength of panels of the type
tested may be lowered more than 6

percent by rivet or spot-weld

failure.
7
50 T R S S R E "
o Brozier head rivets| failure by B L2 y
. o~ Roumdk~ * & stringer < /00 8
a2 Spot-welds instability. ] o|[° Lt
v Brazier heod rivets)| failure of S | S| e
40r + Rournd " “ rivets or 9 i e T
% x Spot-welds spot-welds, = l
15 v,
X £ o Q)80 i l
N ; 2F
e e e
8 N
ES : 3|\ .60 k by 5 il
d ~|9 ) | 1
ko) Yo |Rarge in which rivet or spot-weld fail-
“;’20 > O ffare reduced failing load more than 6 %
L ~
@ ®
0 0|40
g 82
10 S W
i
L S o Failure by stringer irnstability
0 10 20 30 40 =8« ["v Feulura of rivars or spot welds
Colculoted failing Joaa, kips 0 |
: (nomogr:om figure 56) Q - ! : ’0 I 2'0 3’0 - 4'0
Figure 57.- Comparison of observed and _ Calculated average, shee? stress for
calculated failing load for 18 panels failure by stringer instabllity, Kips/sq i
teated : Figure 58.- Range 1n which rivet or

spot-weld failure is likely to
occur.




oo bevee b b

Q /f value exce
/use /
2 Psn Osh We
A A (average) b
0] 30—:‘ U= G = b
. 3 e = o
o & £ = 200
: : : : 8
—50 = = 8F
5 e e : . &
9 T . o : A 50
20, 4t 2 = E 40
5 20 J404, 8203 - .05 30
3 X XL = = 25
80 4 o = o 3 20
15 ¢ = = b =
g : . E = — /5
— — = —
? = 3 = =
10-% — 5 = e
X = = = =
i ‘ = =
= =) = —
-~ 5 =0 53 - -
g I I R 31V ¥ 3 VI VI VI IX XX

Figure 56.- Nomogram for 24S-T aluminum-alloy panels of design given in figure 1 which
fail by stringer instability.
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