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AN ANALYSIS OF THE STABILITY AND ULTIMATE COMPRESSIVE STRENGTH OF SHORT 
SHEET-STRINGER PANELS WITH SPECIAL REFERENCE TO THE INFLUENCE 

OF THE RIVETED CONNECTION BETWEEN SHEET AND STRINGER l 
By JOSEPH w. SEh~oivIAN and JAMES P. PETERSON 

SUMMARY 

A method of strength analysis qf short sh,eet-stringer panels 
subjected to compression is presented which takes into accou,nt 
the e$ect that the riveted attachments between the plate and 
the stiffeners have on the strength of panels. An analysis qf 
experimental data shows that panel strength is high.ly injhenced 
by rivet pitch, diameter, and location and that the degree qf 
in.uence,for a giuen rilrcting depends on the panel con.guration 
and panel mate&l. 

of the curve of figure 1 is shown as a horizontal line. It is 
recognized that there may be some gain in strength with a 
favorable change in riveting after the riveting (pitch in 
fig. 1) is such that the local mode is obtained. The available 
test data indicate that the gain in strength is small and it is 
neglected in the analysis presented herein. 

INTRODUCTION 

Rivets have been used extensively for attaching the cover 
skin to the stringers and webs of aircraft wings. These 
rivets have been designed, to a large extent, by rule-of- 
thumb methods; yet, extensive experimental work of which 
reference 1 is representative has shown that the compressive 
strength of stiffened panels is greatly influenced by varia- 
tions in diameter and pitch of the rivets. References 2 to 4, 
in which the mode of instability of plates in compression 
known as wrinkling or forced crippling has been analyzed, 
show that the panel strength is influenced also by the location 
(rivet offset) as well as the pitch and diameter of the rivrts. 
This mode of instability results from the existence of a 
flexible attachment between the plate and its supporting 
members and has occurred more frequently as the compres- 
sion skins have become heavier and the supporting members 
lighter. 

A study of the wrinkling mode is made with the use of the 
procedures established in references 3 and 4 in connection 
with the calculation of the strength of multiweb beams in 
bending. These procedures make use of a new structural 
parameter termed the “efl’ectivc rivet offset” which plays an 
important role in determining the strength of riveted struc- 
tures such as compression panels ancl multiweb beams and 
makes possible relatively simple structural analysis. The 
effective rivet offset is evaluated by using a relatively 
rigorous analysis of the initial instability of compression 
panels supplement’ed by experimental data and is applicable 
to the anlaysis of multiweb beams as well as panels. A semi- 
empirical maximum-strength analysis of panels which 
utilizes the efiectivc-rivet-offset concept is made and com- 
pared with a large number of test results to show the accuracy 
and generality of the analysis. The analysis is exemplified 
in the appendix. 

SYMBOLS 

b, width of attachment flange of stiffener (see fig. 
2), in. 

b, The purpose of the present report is to evaluate the 
strength of short compression panels and in particular to 
determine the influence of the riveting used to fasten the 
stringers to the plate on the strength of the panel. Figure 1 
shows the variation in panel strength with rivet pitch and 
names the various modes of failure involved. Only rivet 
pitch is considered to be varied in figure 1 but variations in 
strength could be obtained also by varying the rivet diameter 
or the rivet offset. When the rivet pitch is small, the panel 
of figure 1 fails in the local mode; for larger pitches, it may 
fail in either the wrinkling or the interrivet mode. Failures 
in the interrivet mode are not usually permitted in contem- 
porary design; whereas, failures in the wrinkling mode are 
common. The problem of evaluating the effects of riveting 
on the strength of panels becomes, therefore, primarily a 
study of the wrinkling mode of failure. The local-mode section 

1 Supersedes NACA Technical Note 3431 by Joseph TV. Scmoninn and James I’. Peterson, 19.55. 

width of outstanding flange of stiffener (see fig. 
2), in. 

bH 
bo 
bs 
bw 
d 
f 
k c7 
k,u 
P 
Pa 
1’A 

width of top of hat for hat-section stiffeners, in. 
geometric rivet offset (see fig. 2), in. 
stiffener spacing (see fig. 2), in. 
depth of web of stiffener (see fig. 2), in. 
rivet diameter, in. 
effective rivet offset (see fig. 5), in. 
buckling-stress coefficient 
failing-stress coefficient 
rivet pitch, in. 
allowable rivet pitch, in. 
radius of bend between attachment flange and 

web of stiffener (see fig. 2), in. 
ts 
tw 

plate thickness (see fig. 2), in. 
stiffener thickness (see fig. 2), in. 
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--Wrinkling (forced crippling) 

Rivet pitch 

FIGURE l.-The influence of rivet pitch on the strength of a short sheet-stringer panel showing the three predominant modes of failure. 

6 

1 

A7 
DS 

Dw 

b,lt, 
‘= b&s 

cross-sectional area of Z-section stiffcncr, in.’ 
plate flesural stiffness per unit width, 

EStS3/12(1--7, in.-kips 
flexural stiffness per unit, width of web, 

Ewtw3/12(1-$), in.-kips 
Young’s modulus, ksi 
secant modulus, ksi 
tangent modulus, ksi 
Young’s modulus of plate material, ksi 
Young’s modulus of stiffener material, ksi 
rivet tensile strength, kips 
required rivet tensile strength, kips 
rotational stiffness per unit length (see fig. s), 

kips 

lateral deflection of plate, in. 
plasticity factor 

e=$-- s J 
pdL+1 

buckle length, in. A panel typical of those analyzed is shown in figure 2. 
Poisson’s ratio The panel is considered t,o be short enough so that the column 
buckling stress, ksi bending mode can be neglected yet long enough so that 
average stress in panel at failure, ksi various local modes can form freely without end effects. The 

average stress in panel at failure in local mode, 
ksi 

failing stress of plate, ksi 
crippling strength of Z-section stiflener, ksi .~~ 

ti deflectional stiffness per unit length, lisi 
The designation for the va,rious aluminum alIoys has re- 

cently been changed. The old designation and the corre- 
sponding new designation for thr aluminum alloys mentioned 
in this report. are as follows: 

24s-‘I3 2024-‘1’3 
75%‘l’fi i075-W 

AliS-‘I? 2117-w 
ZS-F 1100-F 

I I 

STRUCTURAL ANALYSIS 
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FIGURE 2.-A sheet-stringer panel. 

panel is considered to be wide with many equally spaced 
stringers but the results of the analysis can be applied to 
panels with as few as four stringers without appreciable 
error. 

The analysis is presented in four sections. The first section 
develops an initial-instability analysis which together with 
available experimental data is used in the second section to 
establish the effective rivet offset as a function of appropriate 
panel parameters. The values of effective rivet offset thus 
established are used in the t&t1 section to formulate a semi- 
empirical maximum-strtngth n.nalysis. Finally, the fourth 
section is devoted to tlevtlopin g criteria which limit the pitch 
and diameter of rivets required to achieve the predicted 
strength of panels. 

INITIAL INSTABILITY OF PANELS 

The panel shown in figure 2 usually will buckle into either 
the local mocle which has heen ann.lyzcd in rcfercncc 5 or the 
wrinkling mocle which will bc. analyzed herein. Another 
mode termed the “torsional cum local” mode was analpzctl 
in reference 6. This mode may become the predominant 
mode when the width of the outstanding flange of the stif- 
fener becomes sma,ll (say bp<0.4blP) so the flange does not 
have enough stiflncss to prcvcnt the linct of intcrscrtion be- 
twcen the flange and the web of the stiffener from translating 
when the panel buckles. 

The wrinkling mode of instability can be analyzecl b\- 
considering the plate to be supportecl by elastic springs with 
a deflectional stiffness per unit length of panel + as indicated 
in figure 3. A cross section of t,hc plate through an up- 

FIGURE :3.--Idealized structure used in analysis of shwt-stringer 
panel. 

FIGURE 4.-Cross section of idealized structure at the crest of a buckle. 

buckle is shown in figure 4. The stability criterion for the 
plate is given in reference 3 as 

i-cos 4 I-cash e 

This expression has been solved and values of k,, are plotted 
against values of x/b, for various values of the parameter 
$bs3/dDs in figure 7 of reference 3. 

The deflectional stiffness provided by a stringer of the 
same material as the plate is given by reference 4 as 

(2) 

where the rotational stiffness a! is a function of the web stress 
and the buckle length ancl can be taken from reference 7 
which uses the symbol 4s” to define this stiffness. The 
assumptions implied in the use of the above formulas have 
bcrn given in refercncc 4 but are reviewed here for com- 
plctencss of tlic! prcscnt report. 

Besides the restrictions on length and width of panel as 
discussed earlier, the implied assumptions arc: (1) Deflec- 
tions arc small, (2) the structure is elastic, and (3) the stringer 
stiffness can be obtainecl from the idealization shown in 
figure 5. This idealization is based on the assumptions: 
(a) The effective rivet offset can be defined as the distance 
from the web of the stringer to a longitudinal line along 
which the rivets effectively clamp the attachment flange to 
the plate, (b) the longituclinal bending stiffness of the attach- 
ment flange can be neglected, and (c) the web can be assumed 
to be simply supported at the bottom. This last assumption 
will be good for webs of normal proportion as long as the 
width of the outstanding leg of the Z is about O.hb,. At 
much larger values, it can become the unstable element and 
thereby initiate buckling; at much smaller values, it will not 
have enough depthwise stiffness to provide simple support 
to the web. For webs with small width thickness ratios a 
flange width greater than 0.4b, is required to support the 
web against translation. For such cases the criterion of 
reference 8 should be used to design the outstanding flange. 
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/ (b) 

(a) Loads on stringer. (b) Idealized stringer. (c) Distortion of idealized stringer. 

FIGURE 5.-Loads and deformations used in the calculation of the deflectional stiffness of short Z-section stringers. 

Equations (1) and (2) have been solved and the results 
are given in figure 6. The buckling coefficient k,, is plotted 
against tlic parameter /3 for various values of the parameter 
fbw. The buckling coefficient is related to the buckling 
stress by the relation 

gcr k,,a2E ts 
(4 

2 

t I.W-P~) bs (3) 

A value of the plasticity fa.ctor q that has been found to give 
good correlation between test ancl calculation is 

(4) 

This value of 11 is the value given by- Stowell (ref. 9) for long 
simply supported flat plates in compression. 

Ilocal-buckling curves from reference 5 for b,/b,,=0.4 and 
t,/t,=0.63 and 1.00 have been plotted in figure 6 for com- 
parison with the wrinkling curves. 

It will be noted that the buckling coefficient k,, for the 
wrinkling mode is determined by the two parameters f/b, 
and /3 even though these parameters are not sticient to 
determine the panel configuration. The local-buckling 
curves, for instance, require the adclitional parameter t& 
to fix their location on the plot of k,, against /3. This phe- 
nomenon was pointed out in reference 4 in connection with 
the calculation of wrinkling coefficients for multiweb beams 

7nm , 

6- 

\\ \ x \ I I I I 
~ Wrinkling 
-- Local buck@ 

\\\ x \ I 
I I 

0 .2 4 .6 .8 1.0 12 1.4 1.6 1.8 
P 

20 2.2 2.4 26 

FIGURE C.-The initial instability of Z-stiffened pauels subjected to axial compressive loads. 
k GE‘ 

Tf=_L - 
1s 

0 

2 
12(1--/G) bs - 
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and can be verified experimentally for panels by using data 
from reference 10. For example, figure 7 shows the failing 
stress for panels on which all structural parameters were 
held constant except tw/ts and it can be seen that the failing 
stress is independent of tw/ts within the accuracy of the tests. 
The fact that the data are maximum-strength data rather 
than buckling data does not appreciably affect the argu- 
ment because the panels are of such proportions that the 
failing load is at most a few percent greater than the buckling 
load and is therefore closely related to the buckling load. 
The particular values of rivet pitch used in figure 7 were 

h chosen because, after a preliminary study of the data, they 

50 

40 0 4 e 
Q 

8 

‘W 
CT 

0 0.51 
0 ,63 
0 .79 

o (a) t I I I / 

8 * 8 
t 

&f 

t.s 
0 0.5 
0 .63 
0 .79 

8 

(b) I I I / 
0 

I 

$ ik % i 2i 
3 

E 45 4- 
Rivet diameter, in. 

‘(a) Rivet pitch, g in. 

(b) Rivet pitch, lb& in. 

FIGURE 7.-Comparison of average stress at maximum load for 
panels of reference 10 for three values of tm/ts. bw/tm=20; 
ba/ts=25; bo/tw=5.6; tw=0.064 in. 

were felt to be large enough so that the panels did not fail 
in the local mode and small enough so that the panels did 
not fail in the interrivet mode. (See fig. 1.) Other values 
of rivet pitch and tw/ts given in reference 10 further sub- 
stantiate the insensitiveness of the wrinkling stress to changes 
in t&q& 

EXPERIMENTAL DETERMINATION OF I 

The analysis developed in the preceding section gives the 
wrinkling stress of a panel provided the dimension f is known. 
Conversely, if the wrinkling stress of a panel is known, the 

- ._. . - -.--..._. -- .- 

value of f can he determined. The existing panel data, 
however, are not very suitable for determining the dimension 
f for three main reasons: (1) The rivet offset b, was usually 
not varied or even controlled because its influence on panel 
strength has only recently been understood; (2) the buckling 
stress was often never published or perhaps even measured 
because the interest was mainly directed toward finding the 
maximum strength of panels; and (3) the cases in which the 
panels did wrinkle and the buckling load was recorded often 
involved failure at such high stresses that the effects of 
plasticity must be known to a high degree of accuracy in 
order to determine-f. In order to alleviate this situation, a 
series of 7075-T6 (previously designated as 75S-T6) alum- 
inum-alloy panels, on which the rivet pitch, diameter, and 
offset as well as the radius of bend between the attachment 
flange and the web of the stiffener were systematically 
varied, were built and tested. The results of these tests are 
reported in table I. These data, and all other available data 
which were believed to be applicable, were plotted and cross- 
plotted until a best fit to the data was obtained. The result 
is shown in figure 8 where the distance f is given in terms of 
the rivet offset b. and the pitch and diameter of the rivets. 
It will be noted that the radius of bend between the attach- 
ment flange and the web of the stringer as well as the type 
of rivet,s does not appear on this plot. Furthermore, the 
other dimensions appear only in very simple form. In spite 
of this simplicity, it is believed that figure 8 has rather 
general applicability. For instance, figure 8 can evidently 
be applied to panels with various types of rivets although 
most of the data used to establish the figure were obtained 
from tests on panels on which NACA countersunk rivets 
were used. The countersunk head of this type of rivet is 
formed from the rivet shank by driving the rivet and the 
excess material is then milled off flush. Figure 2 of reference 
11 gives a comparison of failing loads for panels assembled 
with NACA rive& and similar panels assembled with flat- 
head rivets with the manufacturer’s heacl on the plate side. 
The comparison shows little or no effect of type of rivet on 
the strength of panels which obviously failed by wrinkling. 
A few available tests from panels and multiweb beams which 
were assembled with universal-head or flat-head rivets on 
the stiffener side and a shop-driven head on the plate side 
further indicate that the error in using figure 8 for other 
types of rivets is small. 

The data used to establish the chart of figure 8 were oh- 
tained from tests on panels assembled with rivets whose 
diameter was at least as great as 90 percent of the plate 
thickness (d/ts>0.90) and the chart should not be used for 
much smaller values of rivet diameter without confirmation. 

Figure 8 is applicable to multiweb beams as well as panels 
and can be used in the application of the formulas and design 
charts of reference 4 to the analysis of the bending strength 
of multiweb beams. 

FAILURE OF PANELS 

The failure of short compression panels usually results 
from a growth of either local or wrinkling type of buckles. 
Less frequently, failure may result from rivet failure or 
growth of an interrivet type of buckle. The first two types of 
failures will be discussed in this section and the last two types 
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. 0668 
. 0663 

0658 
. 0666 
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0662 
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641 
630 
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610 
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. 630 
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TABLE I 

TEST DATA AND PROPORTIONS OF 7075-T6 ALUMINUM-ALLOY PANELS 

24. 6 
24. 5 
24. 8 
24. 3 
24. 8 
24. 7 
24. 2 
24. 2 
24. 4 
24. 6 
24. 2 
24. 6 
24. 3 
24. 4 
24. 4 
24. 4 
24. 4 
24. 5 
24. 5 
24. 5 
24. 7 
24. 6 
24. 2 
24. 6 
24. 2 
24. 4 
39. 5 
39. 6 
39. 2 
39. 5 
39. 0 
39. 3 

bslts bwltw 

- 

18. 7 
18. 5 
19. 2 
19. 4 
19. 6 
18. 2 
19. 2 
19. 2 
19. 4 
18. 3 
19. 4 
19. 5 
19. 2 
19. 0 
19. 2 
19. 3 
I!). 4 
18. 2 
19. 3 
19. 3 
19. 6 
19. 0 
18. 5 
18. 3 
18. 5 
18. 4 
19. 0 
19. 6 
19. 5 
19. 8 
19. 3 
19. 4 

- 
I 
I- 

[$=0.40] 

5. 2 
5. 0 
6. 2 
7. 2 
8. 6 
5. 0 
6. 1 
7. 1 
8. 3 
5. 1 
6. 2 
7. 4 
8. 2 
5. 4 
6. 1 
7. 2 
8. 2 
3. 8 
6. 6 
7. 2 
8. 5 
8. 1 
4. 5 
5. 5 
6. 5 
7. 6 
4. 1 
5. 3 
6. 4 
7. 3 
8. 3 
8. 2 

3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
3. 0 
1. 0 
4. 0 
5. 0 
6. 0 
6. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
3. 0 
4. 0 
5. 0 
6. 0 
6. 0 

BStringers with ra/tw=l.O were extruded. All others were formed. 
bAl1 rivets were 2117-T3 flat-head rivets xvith T\‘ACA countersink on the plate side. 

so-inch-diameter rivets was 0.040, 0.050, 0.060, 0.070, and 0.080, respectively. 

will be considered in the nest section where rivet criteria 
are developed that, can be used to prevent such failures. 

Failure in the wrinkling mode.-Panels which buckle 
initially in the wrinkling mode usually fail ii1 a similar mode. 
The plate configuration at failure, however, is simpler than 
the initial buckling configuration because, as the initial buckles 
grow with an increase in a.pplied loacl, the plate buc.kle shape 
becomes more and more cylindrical until at failure it. may be 
assumed t,o be cylindrical and the plate ma- be treated as 
a column on an elastic, foundat,ion. The plate in the column 
mode appears much like the well-known interrivet mode 
except the length of buckle is greater than the rivet pitch. 
The stringer, however, has a very different configuration. 
In the interrivet mode the stringer cross section may remain 
essentially undistorted while the plate and stringer separate. 
In the wrinkling mode of failure the attachment flange of the 
stringer follows the plate contour and causes the otlicr plate 
elements of the stringer to distort also. The similarity 
between the appearances of the wrinkling mode and the 
interrivet mode has caused investigators to make strength 
calculations with interrivet-type formulas on panels which 
failed in the wrinkling mode. (See, for instance, ref. 12.) 
The panels of this reference evidently failed in the wrinkling 
mode and the strength of the panels can be calculated by thr 
methods devclopcd herein. 

The stability criterion for t,he plate in the wrinkling mode 
of failure is given as (see ref. 13) 

14. 0 
9. 3 
9. 3 
9. 3 
9. 3 
7. 0 
7. 0 
7. 0 
7. 0 
5. 6 
5. 6 
5. 6 
5. 6 
4. 7 
4. 7 
4. 7 
4. 7 
-5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 
5. 6 

45. 2 
49. 5 
48. 0 
41. 0 
38. 8 
54. 0 
51. 3 
45. 4 
42. 1 
55. 4 
53. 2 
49. 2 
45. 8 
58. 7 
55. 2 
50. 3 
46. 8 
60. 7 
53. 1 
49. 6 
49. 7 
50. 5 
50. 7 
55. 0 
52. 5 
48. 4 
27. 6 
26. 5 
24. 2 
24. 6 
26. 2 
25. 5 

cc,, ksi 
--I 

45. 2 
52. 0 
48. 5 
44. 3 
41.2 I 
55.0 i 
53. 0 
48. 1 
45. 3 
56. 2 
54. 6 
51. 0 
47. 6 
59. 2 
.57. 0 
52. 8 
50. 2 
62. 8 
54. 6 
52. 0 
51. 3 
52. 5 
62. 0 
56. 3 
54. 2 
49. 8 
46. 4 
44. 0 
42. 7 
43.7 
41. 2 
39.2 ) 

The depth of countersink for the >iG-, 3$?-, ‘/8-, 5.s2-, and 

The support stiffness was detcrmincd by trial to give the 
best correlation bctwecn panel strength and calculated 
strength. It was found that the support stiffness could bc 
taken as 

(6) 

This equation is identical to equation (2) except, the rotational 

stiffness -$ has been replaced by a constant value of 3. 

Iii the trial calculations used to determine the support stiff- 
b ness, other values of cz -EC were tried, including the apparent 

DW 
bw value as given by equation (2), but the value cy -=3 was 

DW 
considered to give the best agreement between calculated 
strength and panel strength over a wide range of pine1 pro- 
portions. It gave particularl>- superior correlation compared 
with the apparent value when the webs of the stiffeners were 
relatively unstable because the apparent value (eq. (2)) gave 
the restraint at the ousrt of buckling of t.he webs and not the 
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FIGURE 8.-Esprrimentally determined values of effective rivet offset for Z and channel stringers itod full-depth channel webs. 

restraint offered the skin at panel failure. bw The value (Y --=:s 
DW 

was also used in rcfercnce 4 to calculate the strength of multi- 
web beams in bending. 

With the simplification implied by equation (6), that the 
support stiffness is independent of t,he buckle length, equa- 
tion (5) can bc simplified to read 

(7) 

after kA1 is minimized with respect to buckle length. 
Equations (6) and (7) have been solved and the results are 

presented in figure 9 which gives the maximum stress that 
the plate can carry in the wrinkling mode. At this stress, 
the lateral deflections of the plate, and therefore the lateral 
forces on the stringers, become large and clestroy the capa- 
city of the stringers to carry additional load except for un- 
usual panel proportions. 

Experience in testing panels and multiweb beams indi- 
cates that a plate in the wrinkling mode suffers a relatively 
moderate redistribution of stress after initial buckling. The 
load-shortening curve for a plate in the wrinkling mode, 
t.hcrefore, nearly coincides with the stress-strain curve of the 
plate material until just prior to plate failure. The stringer 
on a panel which has buckled in the wrinkling mode appears 

II 377125-56-2 

very much like a stringer on a panel which has buckled in 
the local mocle and evidently sufl’ers much t,hc same rcclis- 
tribution of stress and loss of axial stiffness. In order to 
calculate the strength of a panel, it is necessary to know the 
load carried by the stringers at panel failure. (The plate 
load is given by fig. 9.) The load carried by the stringers 
depends on the proportions of the panel. If the stringers are 
relatively sturdy (a< l), they will bc stressed the same as 
the plate. If the stringers are unstable (/?>l), the stringers 
will not be loaded as heavily as the plate. An approxima- 
tion which gives predictions which are slightly high when the 
stringers are unstable but which gives satisfactory results 
over the entire practical range of panel proportions is that 
the stringers take the same stress as the plate as long as 
that stress is not greater than the stringer crippling stress, 
in which case the stringers take their crippling stress. In 
addition, the calculated load carried by the panel must 
always be greater than the crippling load of the stringers 
tested without being fastened to the plate. This criterion 
takes care of the case when the area of the st,ringers is large 
compared with the area of the plate and the attachment 
between the plate and the stringer is so flexible that wrinkling 
occurs at a load less than the crippling load of the stringers. 
For this case, the lateral forces on the stringers are com- 
paratively small and do not affect the strength of the 
stringers. Furthermore, at the short.ening necessary for the 

. 
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stringers to achieve their crippling stress, the load being 
carried by the plate has fallen to a negligible quantity and it 
may be assumed that thr entire load is being carried by 
the stringers. 

The value of t.he pla,sticity factor 17 to be used with figure 
9 is given by equation (4). The use of a plasticity facto1 
which is a function only of the stress-strain curve of the 
plate material and is applied to the average stress in the 
plate at failure ma\- seem to bc ratllrr arbitrary for panels 
on which the proportions arc such that the panels buckle at 
loads that arc considerably less than the loads that, the 
panels ultimately carry-. Panels which buckle in the local 
mode, for instance, experience a severe redistribut,ion of 
stress as t#he panel is loaded beyond the buckling load. The 
factor may not be too arbitrary for panels which fail in the 
wrinkling mode, however, because a plate in the wrinkling 
mode of failure is under relatively uniform stress across the 
width of the plate; that is, the stress is not peaked at the 
stringers as for a plate which has bucklecl in the local mode. 
The correlation between test and calculation obtained by 
using the plasticity factor given by equation (4) will bc given 

later and indicates that the fact.or is satisfactory even for 
panels with a large post-buckling strength. 

When figure 9 is used to calculate the strength of a panel, 
the strength in the local mocle as well as the strength in the 
wrinkling mode should be calculated and the load the panel 
can br expected to carry will be the lower of the two loads. 
The strength of panels in the local moclc will be discussed in 
the nest section. 

Failure in the local mode.-Panels which buckle initially 
in the local mode may fail as a result of the growth of the 
local buckles. (See fig. 1.) A few panels have been ob- 
servecl to buckle in t,hc local mode and to switch from local 
buckling to wrinkling at a higher stress level and eventually 
fail in the wrinkling mode. The data from such panels 
eviclent,ly would plot near the value of rivet pitch in figure 
1 where the local mode ends and the wrinkling mode starts. 

A stucly of the available data on compression panels on 
which the pitch and diameter of the attachment rivets were 
varied indicates that the gain in strength corresponding to 
a decrease in pitch or an increase in diameter of the rivets 
after the local buckling range has been reached is small. 
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Consequently, for riveted panels there is a panel strength 
which is relatively independent of changes in riveting that 
corresponds to failure of the panel in the local mode. This 
characteristic has been recognized for a long time (see, for 
instance, ref. 11) and is responsible for the numerous investi- 
gations in the past on ‘Lstrongly riveted panels” (the investi- 
gation of ref. 5, for instance). When these investigations 
were applied to the design of panels, however,= the ~riveting 
required to make the panel behave as a strongly riveted 
panel was not known and rather severe rivet criteria had to 
be used. (See criterion of ref. 14.) The present analysis 
alleviates this difficulty by relating the strength of panels 
to the pitch, diameter, and offset of the attachment rivets. 

Reference 5 shows that the ultimate strength of panels 
which buckle locally at high stresses is closely relatecl to the 
buckling load and can be calculatecl by the buckling charts 

of that reference. The particular curves for a value of F 
W 

t 
of 0.4 and values of -K of 0.63 and 1.00 are reproduced in 

ts 
figure 6. Reference 15 gives a method of predicting the 
strength of a panel in the local mode proviclcd the strength 
of a nominally identical panrl of another material is known. 
With the hrlp of these refrrcnccs and the test data of refcr- 
ences 1, 10, and 16 to 20, the strength of some panels which 
fail in the local mode was estimated ancl is given in figure 
10. In the construction of figure 10, the method of reference 
5 determined the inclicat,ed strength of the panels when the 
failing stress is high (usually panels with values of @ of about 
unity and with small values of b,/t, and brv/trv). These par- 
ticular panels require the most severe riveting criteria in 
order to force the panel to fail in the local mode and con- 
scquently their strengths are the most clifiicult to obtain 
tspcrimentally. The availablt cspcrimental dat,a, supple- 
mented by tht procedure of rcfercncc 15, sufhcctl to tlctcr- 
mine the strcngtlis of the other panels consitlcrctl. 

RIVET CRITERIA 

The maximum-strength analysis of compression panels 
given in the prececling section requires certain limitations 
on the pitch ancl strength of rivets in order that the panel 
will carry the predicted loacl. The rivets must be spaced 
closely enough and have adequate strength to make the 
stringer flange follow the plate cont,our. If the spacing is 
too large, the panel may fail by intcrrivet buckling. If the 
strength is insufficient, the panel may fail prematurely 
because of rivet failure. 

Rivet pitch.-An expression for buckle length which is 
consistent with the maximum-strength formulas (6) ancl 
(7) is 

The allowable rivet pitch which must not be exceeded in 
order that the stringer flange follow the plate contour can 
logically be relatecl to the buckle length as given by equation 
(8). It was found by trial that, if the rivet pitch was less 
than 90 percent of the calculated buckle length, wrinkling 
would occur rather than interrivet buckling. Hence, the 
rivet pitch must satisfy the criterion 

- 

fp.90 & 
Rivet strength.-The lateral force required to hold the 

compressed plate in its deflected position is proportional to 
the support stiffness and the lateral deflection of the plate. 
The force on a rivet near the crest of a buckle may be 
expressed approximately as 

R =@p (10) 

where 6 is the lateral deflection of the plate at the crest of a 
buckle. The value of # may be taken from equation (A19) 
of reference 4. An appropriate value for the rotational stiff- 

ness 3 in this equation is D=3 f. 4 In order to express 
I W 

formula (10) as a rivet-strength criterion, the value of lateral 
deflection must be known or assumed. Figure 3 of reference 
21 indicates that, for an idealized H-section column, maxi- 
mum load is reached before the lateral deflection is one-fifth 
of the column (or plate) thickness provicled the buckling 
stress is at least half of the compressive yielcl stress of the 
column material. (For panels which buckle early a value 
larger than onr-fifth should be used.) If this value is usecl 
in formula (lo), tlic rcquircd tensile st.rength for a rivrt 
bccomcs 

The t,ensilc strength of a rivet is defined as the load rcquirccl 
to cause any failure; it may be the load requirecl to break the 
shank but, more often it is the load required to pull the 
countersunk head through the plate or, when the stiffcnei 
gage is small, to pull the rivrt head through the stiffcncr. 

Reference 22 gives thr strength of protrucling-head rivets. 
Refcrcncc 23 gives strength data on NACA countersunk and 
convent,ional countersunk rivets. Aclclitional rivet-strength 
data can be found in references 24 and 14. 

Expression (11) gives the tensile strengt,h of the attach- 
ment rivets that is requirccl in order that the predicted 
strength of the panel in the wrinkling mocle can be achieved. 
Obviously, when the panel fails in the local mode, expression 
(11) cloes not apply. The available clata indicate that for 
t.his case the rivet strength need not be any greater than 
that requirecl when failure is in the wrinkling mocle ancl the 
stress levels at failure in the two modes arc equal. 

EXPERIMENTAL VERIFICATION 

The data prescntecl in this section have already been used 
to establish the empirical factors in the analysis presented 
earlier and will now be compared with the analysis to assess 
its validity. The data were taken, in large part, from pub- 
lished NACA panel data obtained from panels which were 
five bays wide (6 stringers) and hacl a slenderness ratio L/p 
of 20. The ends of the panels were ground flat and parallel 
in a special grinder prior to testing and the panels were tested 
flat-ended in a hydraulic testing machine. A large amount 
of wrinkling data is available on panels made from 2024-T3 

_-~--.-- 
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FIGT-RE lO.-The strength of 202GT3 aluminum-alloy Z-stiffened panels in the local mode. bp/b,rr=0.40. 

(previously designated 24%T3) aluminum alloy. The num- number of tests required. (2) The tests on 7075-T6 alu- 
ber of tests on panels which failed in the wrinkling mode and minum-dloy panels were made on panels with extruclecl 
which were made from 7075-T6 aluminum alloy is much stringers with small fillets so the rivet line could be moved 
smaller for two reasons: (1) The invcstig-ation on the effect in close to the web of the stiffener ancl thereby prevent the 
of riveting on pad strength was made on 2024-T3 alumi- wrinkling type of failure. In order to relieve the shortage 
num-alloy panels first and later on 7075-T6 aluminum-alloy of data on 7075-T6 aluminum-alloy panels, a series of panel 
panels. The knowledge gained from the early experiments tests were made in the present investigation and are reported 
could be applied to the later tests and thereby reduce the herein. 
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Data on panels with riveting which do not satisfy the cri- 
teria of expressions (9) and (11) and the additional criterion 
that the ratio p/d must be less than 15 will not be given in 
the presentation which follows. The latter criterion is in- 
cluded because available data on panels for which the failure 
was definitely wrinkling were considered to be inadequate to 
establish design curves for these high values of p/d. The 
restriction on panel design imposed by this criterion, however, 
is not considered to be severe because contemporary design 
rarely allows such large rivet pitches. 

2024-T3 ALUMINUM-ALLOY PANELS 

The data of references 10, 16, and 17 are shown in figures 
11, 12, and 13, respectively, where the average stress in the 
panel at failure 0, is plotted against the rivet parameter p/d. 
The data of reference 16 for panels with a b,/t, greater than 50 
are not given because it is relatively easy to rivet such panels 
so that the panel will fail in the local mocle. NACA counter- 
sunk rivets were used to assemble the panels. Other perti- 
nent dimcllsions arc given in t.he figures. The data plot 
against the paramctcr p/d with a small amount of scatter. 

This characteristic is rrsponsiblc for the WC of thr $-param- 

cter on the j+hart of figure 8. 
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FI(:URE 11 .-Conlptwison of calculated :Llld esperiment:rl f;liling 
stresses of 2024-TX Z-Affened panels of reference 10 for five 
values of t,v/ts. ~~wl~w=2O; bslts=25; bo/t~v=5.6; t~~=O.O64 in. 
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(d) L,~/fa= 1.00. 

(e) t,lr/&= 1.25. 

FIGURE 11 .-Concluded. 

The curves in figures 11 to 13 represent predicted panel 
strengths. The wrinkling section of the curves was obtained 
with the use of figures 8 and 9. For the panels represented 
by the data in figure 13, where the stringers are relatively 
unstable, the crippling strength of the stringers was required 
to obtaiu the panel strength in the wrinkling mode. The 
stringer crippling strength was taken from reference 25; the 
data were extrapolatecl when it was necessary. The curves 
predict the trend as well as the magnitude of the data within 
the accuracy of the panel tests; experience in testing panels 
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indicates that strength tests on two nominally identical 
panels usually give strengths which differ by less than 5 
percent from the average strength although differences as 
great as 10 percent have been obtained. The wrinkling 
curves miss the middle of the scatter band of the data in 
some instances by about 5 percent. It is believed that such 
discrepancies are largely a result of neglecting the difference 
in material properties and panel parameters (particularly 
5,/t,) between one group of panels and another. The panels 
represented by the data of figures 12 and 13 were built in 
groups similar to the grouping used in the presentation of 
the data and are therefore particularly susceptible to errors 
common to a group of data. These differences were neg- 
lected in the presentation of t,he data because of the result- 
ing simplicity and because only nominal values of the rivet 
offset b. were known. 

The local-mode section of the curves in figures 11 to 13 
was obtained from figure 10 for the panel proportions cov- 
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FIGURE 12.-Comparison of calculated and experimental failing 
stresses of 202PT3 Z-stiffened panels of reference 16 for four 
values of balls at two values of tw/t,+ b,,r/tw=20; bo/trp=5.6; 
l lv=0.064 in. 

ered by the figure. The local strength of the panels with a 
bw/tw of 25 and 50 which are not covered by figure 10 were 
obtained by interpolation and extrapolation of the data from 
figure 10 by using the present data as a guide. A study of 
figures 11 to 13 indicates that the strength of a panel in the 
local mode becomes increasingly difficult to attain as t,/ts 
is increased or as bslts is decreased. Accordingly, the closest 
riveting used in the investigation (p/d=3.0) was just ade- 
quate to attain the strength in the local mode of the panels 
of figure 11 with a thickness ratio tw/ts= 1.00 and was 
inadequate to attain the local st,rength of the panels with 
t,/t,=1.25. For panels with much smaller values of b.,& 
than were used in figure 11, it would be impossible to rivet 
the panels so that the local strength is obtained without the 
use of smaller values of the rivet offset b,. 

Some test data from reference 26 on panels with hat- 
section stiffeners are given in figure 14. The average stress 
in the panel at failure Z, is plotted against bs/ts where 2bs 
is the distance between similar locations on two adjacent 
hat stiflencrs. Only data for the thickness ratip t&,=0.39 
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FIGURE 12.-Continued. 
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FIGURE 12.-Continued. 

are shown because they are considered LO be sufficient to 
establish the concept that for panels with unequal stifl’ener 
spacings an average spacing can be usecl for predicting the 
maximum load of the panel in the wrinkling mode of failure. 
The particular thickness ratio t,&-=0.39 was chosen rather 
than some other because the panels with other thickness 
ratios had stiffer attachments between the hat-section stiff- 
eners and the plate so that most of these pauels failed in 
the local mode rather than in the wrinkling mode. The 
data for panels with elements having a width-thickness ratio 
b/t greater t.han 50 have not been shown. 

The calculated curves in figure 14 are based on an average 
measured value of bo/tw rather t,han the nominal value. 

707.GTG ALUMINUM-ALLOY PANELS I 

The data of table I are shown in figure I 5 where the average 
stress in the panel at failure is plotted against the parameter 
f/&v I.---. . 
bsos 

The predicted panel strengths are indicated by the 

curves and agrre wit,h the test data wit,hin the accuracy of 
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FIGURE 12.-Concluded. 

ttie data. The shatl~cl test points represent panels which 

had stringers with a value of z of 6.0. Since the stringers 

had a value of 2 of 20, these stringers hacl a value of 2 of 

0.30. These points all appear high on the figure and i:di- 
c&ate that the attachment between the stringer and the plate 
was actually stiffer than figure 8 indicates. It is not known 
.whcther the test loads were high because rA/tW was large 01 
whether it was because rA/bw was large or both. Inasmuch 
as the chart gives conservative predictions in this range, the 
uncertainty is not serious. 

DISCUSSION OF RESULTS 

A method haw been developecl whereby the strength of 
panels is related to the design of the attachment between 
the plate and the stiffener. The method makes use of an 
experimentally determined effective rivet offset f which is 
an important dimension in the determination of the strength 
of panels. The importance of this dimension as well as 

- 
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other panel dimensions on the strength of panels can ,be 
readily seen from the equation 

E 
3 -t+!!E 

y-1+ 
tw tw 

3&+45 
(12) 

This equation gives the strength of a plate in the wrinkling 
mode and is equivalent to the chart of figure 9. It is seen 
that the failing stress of the plate is approximately inversely 
proportional to Lffa. Equation (12) has been used to e&i- 
mate the strength of compression panels covering a wide 
range of the structural parameters t,/t,, bs/is, and bw/trv and 
was found to give satisfactory correlation with test results. 

Thef-chart of figure 8 was constructed from data of tests 
on 2024-T3 and 7075T6 aluminum-alloy panels and multi- 
web beams which were assembled with 2117-T3 (previously 
designated A17S-T3) aluminum-alloy rivets. Since the 
rivet stiffness is a contributing factor in the determination o 

50 

r 

the effective rivet offset f, changes in rivet material.cap be 
expected to make corresponding changes in f which would 
show up in a panel test as a change in panel strength. 
Reference 14, however, indicates that very little increase in 
panel strength can be expected from the use of rivet 
materials with a higher modulus of elasticity and strength 
than those of 2117-T3 aluminum alloy but reports on panels 
with one rivet material (FS-1 magnesium) which had a 
smaller modulus of elasticity and strength and which failed 
at loads that were consistently less than those of the panels 
with 2117-T3 aluminum-alloy rivets. Similarly, reference 
14 reports on panels with blind-type Cherry rivets (AN 463) 
which failed at loads less than those of the panels with 
2117-T3 aluminum-alloy rivets. Figure 8 should be used 
wit11 caution, t.herefore, for rivet materials whose modulus 
of elasticity arid strength are less than those of 2117-T3 
aluminum alloy when used with aluminum-alloy sheet. 
The panels of reference 14 that mere assembled with I 100-F 
(previously designated 2S-F) aluminum-alloy rivets do not 
satisfy t.hc strength criterion of expression (11) and t.heir low 
strengths arc attributed to the low tensile st.rengtb of the 
rivets. 
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Frcqueutly panels arc assembled by using extruded 
stringers which have a right-angle cstcrior corner between the 
web and the attachment flange. The use of such stringers 
usually eliminates the wrinkling mode except for very 
unusual proportions for two main reasons: (1) The small 
fillet between the web and the flange of t.he stringer allows 
the rivet to be moved in close to the web so that the rivet 
offset b, is reclucecl and as a consequence f is also reduced and 
(2) the deflections1 stiffness of such a stringer is greater than 
that of a bent-up stringer of similar proportions with the 
same rivet offset because of the large stiffness when the plate 
buckles toward the stringer. For this case, the stiffness 
may be more nearly that of the web rather than that of the 
cantilevered flange because the plate can bear directly on 
the web. The effective stiffness which determines the rivet 
offsctf is. some combination of this stiffness ancl the stiffness 
for the case when the plate buckles away from the stringer 
as shown in reference 4. The number of available tests are 
insufficient to establish a chart such as figure 8 for extruded 
stringers. These tests (frpm refs. 14, 19, and 20) indicate 
that figure 8 can be used to obtain a conservative estimate 
of the effective rivet offset. Expressions (9) and ‘(11) for 
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the required pitch and strength of rivets can also be used. 
Previous invcstigat.iotis of the effect of riveting on the 

strength of panels of which refercucc 14 is t,he most recent 
have dcvtlopctl a rivet critcriou whcreb\- the strength of a 
panel witli a given riveting (givcu pitch and diameter) is 
related to thcx strength of a similar but strongly riveted panel 
(panel which reaches its potential strength) by a master 
curve. The master curve is based on the lower limit of test. 
clata from panels of various configurations that were con- 
structed of 2024-T3 and 7075-‘I’6 aluminum al1o.v and were 
assembled with rivets of various mat,erials. The present. 
investigation has made a more clet,ailed study of the data fol 
panels with the smaller rivet pitches-the data on panels 
with p/d greater than 15 as well as t,he data on panels which 
developecl interrivet buckling have not been analyzed. 
With this restrictive scope and the help of recently developed 
procedures,of stress analysis, it was possible to make more 
accurate correlation of the strength of these panels with the 
riveting used to assemble the panels. For instance, the 
present investigation utilizes the concept that; after a certain 
critical value of f/tw has been reached by decreasing the rivet 
pitch and/or offset and/or increasing rivet diameter, little 
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FIGURE 14.-Comparison of calculated and experimental failing 
stresses of 2024-T3 hat-stiffened panels of reference 26 for three 
values of b&Iv and four values of 6H/bIrr. tl&=0.39; p/d= 1613; 
bojtw= 11.0; tw=0.040 in. 

or no additional gain in panel strength can be expected by 
further changes in rivet pitch, diameter, and offset. This 
critical value of f/tw is different for different panel configura- 
tions. It is more difficult to achieve when the thickness 
ratio tmlts is large or when the pesameter bs/ts is small and in 

I I I I I I I I 
0 .05 .I0 .I5 .20 .25 -30 .35 

V/W 
bs/‘s 

FIGURE 15.-Comparison of calculated and experimental failing 
stresses of 7075-T6 Z-stiffened panels of table I. The shaded 
points represent panels which had stringers with r,t/f JV= 6.0. 

extreme cases may be impossible to achieve in riveted panels. 
The present investigation also makes use of the fact that 
variations in panel skength for a given change in riveting 
can be much greater for 7075-T6 aluminum-alloy panels 
than for 2024-T3 aluminum-alloy panels because plasticity 
may play a much smaller part in determining the strength 
of the 7075-T6 aluminum-alloy panels. 

CONCLUSIONS 

A method of strength analysis of short compression panels 
has been presented which relates the panel strength to the 
pitch, diameter, and location of the rivets used to assemble 
the panel. A large number of panels have been analyzed 
with this method. These panels covered a wide range of 
panel configurations. They had elements wit.11 aspect ratios 
b/t which ranged from 20 to 50 and were assembled wit.11 
rivets which had pitch-diameter ratios p/d of from 3 to 15. 
Both 20246T3 and 7075-T6 aluminum-alloy pane!s were 
considered. The following conclusions can be made from 
these studies: 

1. Panel strength is highly influenced by variations in 
rivet pitch, diameter, and location. 

2. Favorable variations in the pitch, diameter, and loca- 
tion of rivets for a given panel results in increased panel 
strength until the riveting is adequate to force failure in the 
local mode; further variations in riveting will produce 
negligible increases in panel strength. 

3. The minimum riveting specifications that will force the 
panel to fail in the local mode depend on t,he panel configura- 
tion and on the panel material. 

I,ANGLE.P AERONAUTICAL LABORATORY, 
SATIONAL ADVISORY COMMITTEE FOR APIZONACTICS, 

LANGLEY FIELD, VA., January 17, 1955. 



APPENDIX 
NUMERICAL EXAMPLE 

The use of the design charts and design $r&&dties set 
forth in the body of the report are exemplified by analyzing 
a short, 2024-T3 aluminum-alloy, Z-stiffene.$ compression 
panel which is similar to the one shown in figure 2 and has 
the following dimensions and structural parameters : 

t,=O.O64 in. bw/tw=40.0 

t,=O.lOZ in. bF/bw=0.40 

t&,=0.63 bA/tw=8.0 

b&=30.0 b&=5.0 

The panel is assembledwith 3/32-inch, brazier-heacl (AN 456), 
2117-T3 aluminum-alloy rivets spaced at 1 inch. The 
rivets have the manufacturer’s head on the plate side and 
a shop-driven head on the stiffener side. Young’s modulus 
of elasticity E is assumecl to be 10,600 ksi and Poisson’s 
ratio ~1 is taken as 0.32. 

Additional parameters and information that can be ob- 
tained after the panel proportjons are given and which will 
be useful in the analysis which follows are the parameters /3 
and pJd, the area of a stringer A,, and corresponding area of 
plate b,&, the local crippling stress of a stringer uzC7dp, and 
the strength of the panel in the local mode ;ifCrip. These pa- 
rameters are as follows. 

PC bwltw ~=Ti!z!=l.33 
bs/ts 30.0 

1.00 p/d=3/32=10.7 

A,= tw2 (2+$+& ~)=(0.064)2[40.0+8.0+0.40(40.0)] 

=0.262 in.2 

bsts=z ts2=30.0(0.102)"=0.312 in.2 
s 

uZer *p =27.5 ksi (ref. 25) 

afC,rp=31.6 ksi (fig. 10) 

When p/d and bo/tw are given, -f/t,+. can be read from figure 8 
as 

f/tw=6.98 

The value off/bw is computed as follows: 

f- WV f-Lo 175 
b,-b,ltw=40.O * 

From figure 6, 
k,,=2.38 (wrinkling) 

k,,=2.45 (local buckling, extrapolated) 

The panel should wrinkle at (see formula (3)) 

a&=25.5 ksi 

and since the plasticity factor for 2024-T3 aluminum alloy 
is unity at this stress 

u,,=25.5 ksi 
From figure 9 

kni=3.64 
and aM/q is computed as 

u&=39.2 

Wit,11 the use of a curve for (T against U/V for 2024-T3 alumi- 
num alloy with a compressive yield stress (0.2-percent offset 
stress) of 43.6 ksi, the plate failing stress is founcl to bc 

~,=34.1 ksi 

Since FM is greater than the local crippling stress of the 
stringer found earlier, the load that the panel will carry in 
the wrinkling mocle is determinecl by adding the loads car- 
ried by the stringers and the plate. The average stress in 
the panel is the panel loacl divided by the panel area: that is, 

;,= cdsts+~zz,,ipAz 34.1(0.312)+27.5(0.262) 
bsts+Az = 0.312+0.262 

=%.I ksi 

The stress a, is less than zlcrtp found earlier so the panel 
should fail by wrinkling provided the criteria on rivet pitch 
and strength are met. By expression (9), the maximum 
allowable rivet pitch p, is given as 

p,=o.90 

The actual rivet pitch of 1.00 inch is therefore small enough 
to prevent interrivet buckling. The allowable rivet strength 
is (expression (11)) 

nR=(l$!& (6.i8j3 
3(6’g8)+40 1 3(6.98)+160 

~(1.00)=0.239 kips 

The load required to break the shank of a %-inch rivet 
based upon an allowable stress of 57.0 ksi is 0.394 kips. 
Reference 22 shows that the rivet in question will shear its 
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head at 68 percent of the load required to break the shank; 
therefore, 

R=O.68(0.394)=0.268 kips 

which is adequat,e rivet strength. The predicted buckling 
and failing stresses are those giveu previously. 
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