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Buckling and Failure of Flat Stiffened Panels

S.Yusuff*
West Virginia University, Morgantown, W. Va.

Compression panels, regardless of the local buckling of the skin, can be divided into three regions: short
panels, having slenderness ratio equal to or less than 10, long panels, which are shown to fail essentially because
of the long wave buckling of the skin, and panels of intermediate length in the transition region. In this paper, a
comprehensive and self-sufficient analysis is presented for computing the failing stresses of stiffened panels, in
particular, Z-section stiffened panels, in all possible regions of interest. The analysis not only includes the review
of the methods previously proposed, but also comprises of many new results, such as the author's most recent
formulas based on energy methods for the short and long wave buckling of the skin, the development of the for-
mulas for the maximum strength of panels, and the application of the power law for determining the strength of
the panels in the transition range. Since numerous types of panels and modes of failure are involved, the
methods of analysis naturally are complex. Therefore, for the clarification of the various steps involved in the
computations and for the removal of the confusion that may arise in the minds of the readers, adequate exam-
ples are included wherever needed. Extensive comparison of the analysis also is made with tests on 75S-T6 and
24S-T aluminum Z-stiffened panels. It is shown that the analysis is in good agreement with tests.
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Nomenclature
= stiff ener area
= stiffener spacing
=effective width of sheet
=parametric constants
= flexural rigidity of plate of unit width

(Et3/[12(l-v2)}}
= attached flange width
=outstanding flange width
=Young's modulus
= shear modulus
=height of stiff ener
= develop width of stif f ener (=h+dF+dA)
=moment of inertia of stiff ener about its own
centroid

=effective moment of inertia of stif f ener
=torsional constant
=pin-ended length of panel
=number of half-waves across'(
=thickness of skin
=thickness of stif f ener
= distance between centroid of stiffener and
median line of skin

=critical compression stress
=edge stress
=transition stress .
= failing stress
= average failing stress
=maximum stress of stiffened panel at f/p=0
=maximum stress of stiffened panel at f/p = 10
=yield stress of material in compression
= constant
=radius of gyration of skin-stiff ener element
with skin fully effective

=radius of gyration of stiffener with effective
skin

= slenderness ratio
=transition slenderness ratio
= Poisson's ratio
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$ = buckling parameter (= b (tac;/D) y*)
fji = ratio of bending rigibity of plate of width b to

torsional rigidity of stiffener (=bD/JG)
rj = plasticity correction

Introduction
TPHE buckling and failure of stiffened panels are
JL complex problems encountered in the design of stiffened

construction such as wing surfaces subjected to compression
loads. Because there are many dimensional parameters and
different modes of buckling to be considered, the deter-
mination of the strength of panels and the selection of the
most efficient panel are challenging problems, which require
skill and considerable experience on the part of structural
engineers. In spite of extensive studies, the design of stiffened
panels in actual practice is not based on theoretical solutions
alone. Very often test data and the design charts,1'3 prepared
on the basis of data, also are used.

In the following, a rational analytical analysis, which is
self-sufficient and comprehensive, is presented for computing
the failing stresses of flat stiffened panels. Because of the high
efficiency and advantages due to simplicity in shape and con-
struction, and because of the need to clarify the mechanism of
failures and to explain how the methods of analysis are
devised, Z-section stiffened panels are considered herein. It is
assumed that the stiffeners are extruded or formed, and that
the pitch and the diameters of rivets used in the construction
of panels are such that they yield the potential strength of the
panels. Hence, the stiffened panels are considered to be
monolithic.

In Z-section stiffened panels, the various dimensional
parameters involved are ts/t, bit, h/tsf df/ts,dA/ts (Fig. 1) and
t/p. The panels are assumed to be simply supported at the
ends, and the sides are unsupported. In tests done in NACA
on stiffened panels, the panels were tested flat-ended and the
end-fixity coefficient was identified to be equivalent to 3.75.
Herein, however, such panels are assumed to be clamped, and
hence assumed to have an end-fixity coefficient of 4. Con-
sideration of the compressive strength of panels can be
divided into three regions: short panels, having slenderness
ratio £/p = 10, that are assumed to attain the maximum
strength, sometimes called the crippling strength; long panels
in which skin (plate, or sheet) buckling is shown to accur in
long wave, with one buckle across the simply supported
ends—the failure being coincident with this buckling; and
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Fig. 1 Cross section of Z-stif f ened panels.
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Fig. 2 Strength of stiffened panels.

finally the panels of intermediate length (see Fig. 2) belonging
to transition range in which the column effect is significant.
Panels in each of these regions can be further classified in two
types: panels subjected to local buckling of the skin, and
panels in which skin does not buckle locally before failure.
The methods of analysis presented herein are for computing
the failing stresses of panels in all the regions over a wide
range of dimensiontal parameters. The analysis therefore is
comprehensive and comprised of many new results, and also
is a review of methods previously proposed. The analysis is
illustrated by examples, and also is compared with extensive
available data on 75S-T6 aluminum alloy panels having Z-
section stiffeners, which are either formed or extruded. The
comparison of analysis with tests is shown to be excellent.

Short Wave or Local Buckling of Skin

As noted earlier, stiffened panels belonging to each of the
three regions metioned previously can be classified into two
types with respect to the short wave or local buckling of the
skin. The stresses at which the sheet buckles locally should be
known for calculating the effective width of the buckled sheet
and for designing the wing surfaces, which retain smooth and
unbuckled surface up to high values of applied load. In Ref.
4, Gallaher and Boughan have presented charts for
calculating the buckling coefficient for an idealized Z-
stiffened plate. For the type of buckling which commonly oc-
curs in Z-section stiffened panels, charts presented in Refs. 5
and 6 are quite general; the local buckling stress can be ob-
tained quickly, without any idealization, except that the stif-
feners are regarded as "sturdy" (they do not buckle in their
own cross sectional planes). In Ref. 6, the author has shown
that the stresses obtained from the chart given therein is in ex-
cellent agreement with tests. One or two exceptions are
pointed out later on in this section.

Recently, the author has investigated,7 by the energy
method, the local instability of the plate whose sides are sub-
jected to the torsional restraining effects of sturdy stiffeners.
The solution, Eq. (6) of Ref. 7, is the following quadratic
equation:

c=0 (1)

where

,rr=7r
I L

mb
~r~t • mb

~\2 r mb 41 ~|2 W }- + — + — r + —J L £ mb J u, }

mb

t mb T+K^-S-T)
and, for Z-stiffened panels,

H=0.715(b/t)(tsfH)(t/ts)4

For a given value of ^ and t/b, assume m = 1,2,3, etc., and
then compute \l/ from Eq. (1). The actual value of m that is
valid is that which corresponds to a minimum value of \l/.
Using the minimum value of ^ thus obtained, the critical
stress for the local or short buckling mode is obtained from

or

1? 12(l-v2) v b (2)

Equation (1) is in excellent agreement with the chart (Fig. 5 of
Ref. 6) and also, as shown in Ref. 7, with the extensive test
data. Therefore, either of these two results can be used to
yield accurate local buckling stresses. However, it may be
mentioned here that the author has noted that the computed
buckling stress differs from that of test for the panel having
the configuration ts/t=1, and b/t=h/ts=30. The tests in-
dicate that for this panel the torsional restraining effect of the
stiffeners on the sides of the sheet is negligibly small and the
local buckling of the sheet occurs as if the sides are simply
supported. Therefore, for the previous configuration, ^ has
the value 6.28 corresponding to the simply supported con-
dition.

Maximum Strength of Stiff ened Panels
The maximum strength, sometimes known as the crippling

strength, of a stiffened panel, is the failing stress of a panel
having a slenderness ratio of 10 if the ends of the panel are
simply supported. Since this stress determines the upper limit,
the formula for determing this stress for any given cross-
sectional configuration of a panel is highly important for the
designers. Gerard8'9 has proposed the following formula for
the maximum strength of stiffened panels

(3)

For Z-stiffened penels, /w=0.85 is used. For the remaining
two constants either of the following two pairs of values, /3
= 0.56, g=7.83 or 0 = 1.26, g = 3, which yield identical
results, are recommended. By use of the first set of values,
Eq. (3) for Z-stiffened panels can be written as follows:

^- =0.56\-—-——
•cy L ^/ • / ,

7.83

(4)

In this equation the designer can see directly the various non-
dimensional variables involved in the formula. By use of this
formula, the maximum strengths of some 75S-T6 aluminum
alloy Z-stiffened panels are computed. The computed values
together with the test results are listed in Table 1. It can be
seen that, even though Gerard's formula is in good agreement
in many cases, it is also in serious error with many other cases.
Therefore, the author found it necessary to formulate a new
method for obtaining the maximum strength of Z-stiffened
panels. The proposed method is as follows.

The critical dimensions for Z-stiffeners attached to a sheet
are ts, h, and df. Since the other flange is attached to the
sheet, its width is not considered to be critical. The highest
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stress (uniform or average) that Z-stiffener attached to the
sheets can sustain is assumed to be given by

10.75
(5)

where C=3.2 for 75S-T6 aluminum alloy and C=3.8 for
24S-T aluminum alloy stiffener. This formula, and the effects
of other dimensions b and / of the sheet-stjffener element, are
considered in the following manner for getting the maximum
strength of stiffened panels.

If the sheet does not buckle locally, the strength of the
panel is assumed to be the same as the strength of stiff ener at-
tached to sheet. In panels having small bit, since the sheet
does not buckle before failure, the sheet and stiff ener are
assumed to be uniformly stressed, and the failure of the
panels occurs when the uniform stress corresponds to the crip-
pling strength of the stiffener on its own. Hence, the
maximum strength of such panels is computed from Eq. (5).
If, on the other hand, the sheet buckles early, as in the case of
panels having large bit, the panels do not fail immediately.
They continue to sustain greater loads until the stress in the
stiffener is increased to its maximum strength on its own.
With this stress of the stiffeners regarded as the edge stress for
the buckled sheet, the effective width of the sheet is com-
puted. For calculation of the effective width, the following
two formulas are considered: Von Karman's formula,

be/b= (6)

figuration ts/t=l, bit = 20/z/^ = 12.6 and £/p = 10 attained
75.2 ksi for the 75S-T6 aluminum alloy Z-stiffened panel.
This result not only confirms the present method, but also in-
dicates the approach for obtaining the most efficient design.
Further comparison of the theory with tests is made in Figs. 3-
7. The test data used in these figures deal with two aluminum
alloy panels in which bit varies from 20 to 75, hlts varies
from 20 to 50, and ts/t varies from 1.0 to 0.63. Note that up
to the buckling of the sheet the maximum strength of the
panels remains constant, as envisaged herein, as bit varied for
the same h/ts. It can be seen that the agreement between the
tests and the present analysis is excellent over such a wide
range of dimensional parameters.

Failure and Strength of Long Panels
In the preceding section, the compressive strength of panels

having slenderness ratio f/p = 10 has been established. Now it
is pertinent to consider the strength of panels of various
lengths. In this section we are interested in long panels having
slenderness ratio greater than 40 if they are unbuckled:
however, if the skin buckles locally, long panels are con-
sidered to be those that have slenderness ratio greater or equal
to 62.5. These two types of panels lie to the right of the tran-
sition range (Fig. 2). They are considered as follows.

Long Panels with no Local Buckling of Skin

Below the local buckling stress of the skin, the panel is
treated8 as a column, and the following Euler formula is used
for calculating the failing stresses:

and Margurerre's formula

(7)

where be is the effective width of the sheet associated with a
stiffener at the midpoint of be, acr is the local buckling stress,
and ae is the edge stress, as given by Eq. (5).

The effective width, in addition to depending upon critical
stresses as in the previous equation, also depends upon the
ratio Aslbt. Equation (6) is recommended for As/bt>0.4,
and Eq. (7) for As/bt< 0.4 for calculating the effective width.
Then the maximum strength of panel is obtained from

h + d.

cy As + bt

E v % ~}°'75

a», J
(8)

The strength of panels computed from the aforementioned
method is given in Table 1. It can be seen that these values are
in better overall agreement with tests than those obtained
from Gerard's formula. Furthermore, because of simplicity,
the present method has other advantages from, the design
point of view, as illustrated by the following example.

Calculate the cross-sectional configuration of Z-stiffened
panel that can attain the stress equal to the yield stress (76.9
ksi) of 75S-T6 aluminum alloy. From Eq. (5), we obtain that
(h+df)/tsmust be equal to 24 for dy = 76.9 ksi. Since the out-
standing flange df is generally equal to 0.4 h, the h/ts should
be less than or equal to 17.1. The appropriate value of bit
from efficiency consideration should correspond to local
buckling of the skin at 76.9 ksi. The required bit can be ob-
tained from Eq. (2) by use of the following data.

At yield stress, acr/r/ = 100 ksi for 75S = T6 aluminum
alloy,10 ^=7.6 for b/t close to h/ts, and ts/t=l, from Eq. 5
of Ref. 6. Substituting these data in Eq. (2), we have b/t equal
to 21.6. The required cross-sectional parameters for attaining
the yield stress of 75S-T6 aluminum alloy Z-stiffened panel
should be, for ts/t = l, h/ts<\l.\,b/t<2l.6, and £/p = 10.
From the test11 it is seen that the panel having the con-

(t/p)2 (9)

The author6 has shown that this formula is not in agreement
with test data, and that it can be in error as much as 30%. In
addition, the'failure of panels is caused by the long wave
(m = 1) buckling of the sheet as given by Eq. (13) of Ref. 6,
which is a transcendental equation: this equation represents
the buckling of sheet that is elastically supported by stiffeners,
with each stiffener having an effective moment of inertia Iet
which is to be evaluated as shown in the following. This
equation isx shown6 to be in excellent agreement with Z sec-
tions and integrally machined unflanged stiffeners. The
author recently has investigated the long wave buckling of the
skin by the energy method. For long panels the following
results are taken from this unpublished work.

The buckling parameter \l/ for long panels can be obtained
from

(10)

where

A = 0.2356(As/bt) + 0.0426

=(<t> + •— )2 (1.075 + 2.6786)(/> bt

+ (0 + — )2 '(2.2407—— + 2.6786)<t> bt

- (<t> + 4 ) (<t> + 4 > (3'08 4? + 5.2736)9 0 bt

+ 0.2356 - <t>2 x (1 - v) 4.258bD
and

C=0.0418(<l> + )2(4» +
0 9 'T

9

- <j>2-(l-v)/3.396} + (* + ) 2 [2.2407
bD <t>
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-(l-p)4.896]-(<t> +
<P

-(l-v)22.5]-(l-v2)23.7308

4<p

or, from a much simpler following formula for \k

+(As/bt)] (11)

For computing the failing stresses of panels having tl p > 40,
put m = I in <t>=imrb/f in the previous equations; calculate \j/
and use Eq. (2) to obtain the critical stresses, which for long
panels are coincident with the failing stresses of panels.
Neglecting the small term <t>2 on the right-hand side of Eq.
(11), Eq. (11) is reduced to the following simple Euler-type
formula:

(12)

Note that in this equation Ie is much smaller than the usual
moment of inertia of cross section IE used in the column for-
mula. The effective moment of inertia for Z-section stiffened
panels has been evaluated by the author,6'16 and it has the
following values.

From tests done by NACA11'12 on Z-section stiffened
panels over a wide range of variables for tip = 10, 17.0, 42.5,
and 62.5, the following results are inferred. For panels having
7/p=42.5 with h/ts>\2 and p/p = 62.5, ts/t<0.6, the ef-
fective moment of inertia is

Ie=Is+AsYl
V2(As/bt)]

(l+(As/bt)]2 (13)

For panels having e/p = 42.5 with h/ts = \2 and Up = 62.5 with
ts/t>0.69

AY2
— _ •** C -*.C /1 A \

For long buckled panels having £/p>62.5 and ts/t<0.63, Eq.
(13) can be used. It may be noted here that, if bit is con-
siderably less than hltst the Ie is much smaller and could be
equal to the moment of inertia Is of the stiffener on its own.

The author , in his recent work, has shown that Eq. (13) of
Ref. 6 and the present Eqs. (10) and (12) yield identical
results. Hence, the most simple equation [Eq. (12)] can be
used for computing the failing stresses of long panels.

Long Buckled Panels

It is known that short wave (local) buckling generally does
not cause immediate failure of panels. The panels subjected to
local instability are capable of carrying much higher loads af-
ter local buckling. It was shown6 that such panels having £/p
>62.5 fail by skin buckling in long wave, with short wave
buckled skin assumed to be remaining fully effective in the
long wave buckling mode. Many configurations of panels
presumed to have failed in this manner are listed in Table 3 of
Ref. 6. In the following, one such panel is given for
illustration. The panel has the following dimensions:
ts = 0.0642 in. ts/t=0.619 b/t=59.1 h/ts=20 df/ts=807
da/ts=9.63 t=22.47 in. For this panel, short wave buckling
stress = 10.7 ksi: Is = 0.0412 in.4 ASY2 = 0.076 in.4

As/bt=0.244 t/p = 62.5 Ie =IS+ASY2/(1 + As/bt)2 = 0.0903
in.4 The failing stress from Eq. (12) is 22.0 ksi, despite the
much earlier local buckling of the skin. This panel, in tests,12

failed at 21.2 ksi.

Transition Range
In the preceding, the method of determining the strength of

panels having £/p = 10 and £/p> (£/p) tr has been established.
The remaining panel range between these limits is the tran-
sition range (Fig. 2), in which there is a considerable reliance
on the use of panel tests. In fact, the major portion of the ex-
tensive NACA program on direct reading charts was con-

(1 + As/bt)2 predicting the strength of panels in

Table 1 Maximum strength of 7075-T6 alloy z-stiffened panels

ts> in.

0.0991
0.1005
0.1005
0.1024
0.1017
0.0629
0.0633
0.0642
0.0988
0.0978
0.1016
0.1018
0.1011
0.063
0.0634
0.0638
0.0986
0.0667
0.0657
0.0649
0.1037
0.1038
0.1027
0.1044
0.1025
0.0658

ts/t

0.983
0.966
0.964
0.998
0.981
0.994
0.904
0.943
0.643
0.64
0.653
0.656
0.665
0.615
0.613
0.616
0.406
1.043
0.642
0.418
0.609
0.687
0.657
0.671
0.673
0.645

bit

15.4
20.0
24.4
29.6
39.3
50.5
55.1
70.9
15.5
20.4
25.0
30.3
41.0
49.9
59.3
73.9
30.1
50.0
50.0
50.4

• 15.1
20.6
25,0
30.0
41.2
50.1

h/ts

20.6
20.2
20.4
20.0
20.2
20.3
20.2
20.2
20.7
21.0
20.2
20.0
20.2
20.6
20.1
19.9
20.1
27.7
29.6
29.6
39.3
40.2
40.0
39.0
40.1
39.1

df"s

8.2
8.01
8.14
7.87
7.91
8.08
8.03
7.93
8.01

, 8.21
7.93
7.94
7.92
8.06
8.01
7.96
8.11

11.56
11.74
11.83
15.53
15.51
15.71
15.48
15.90
15.53

^//5

6.87
6.62
6.71
6.78
6.65
7.05
6.45
6.67
9.93

10.03
9.7
9.58
9.60
9.81
9.59
8.61

13.18
6.64
9.57

12.75
9.75
9.37
9.60
9.35
9.6
9.48

Gerard's
formula,

ksi

69.6
65.7
61.0
57.0
50.0
44.2
41.6
36.6
72.8
63.1
58.0
52.4
44.1
37.6
33.5
29.0
42.4
40.6
35.9
28.8
55.8
50.4
46.8
43.8
37.4
33.7

Present
theory,

ksi

66.4
67.7
67.2
58.0a

56.4
48.8
43.9
37.6
66.9
66.1
66.9
60.0
48.7
47.1
42.8
37.3
58.9
42.6
37.6
35.7
41.2
40.7
40.7
41.4
35.7
34.2

J. t*lj.£2 V . M.J.V/V'

this range,

Test Refs.
11,12,

ksi

68.9
70.1
69.4
60.0
53.0
46.9
43.8
38.0
69.0
69.5
62.8
54.8
48.1
42.0
39.6
36.2
55.2
40.1
38.3
40.4
42.2
43.1
43.7
41.9
35.9
33.9

aShort wave buckling.
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methods have been used, most of which generally are based
on a simple power law of the form

(15)

where am>0 is the stress at £/p = 0, and n is the parameter that
depends upon the stress at (£/p) tr and establishes the shape of
the empirical curve. If it is assumed that the stress at (£/p),r is
equal to half of amt0 and is equal to the limit of propor-
tionality of the material of the panel, and that the tangent to
the curve of Eq. (15) is equal to the tangent to the Euler
parabola [Eq. (9)] at (e/p)tr, the preceding equation becomes

(16)

This equation is known as Johnson's parabolic formula.
Because the maximum strength of panels, both in theory and
tests, is defined to be strength amtW at e/p = 10, and since that
condition of stress imposed does not hold for all of the
materials and in all of the circumstances, Eq. (16) cannot be
used, because it is for predicting the strength of stiffened
panels in the transition range. In the following, the power law
Eq. (15) is employed without any restrictions on the values of
C and «, as follows.

Panels in which the Skin Does Not Buckle Locally

In order to take into account the maximum strength at t/p
= 10, Eq. (15) is written as

(17)

For long panels within the limit of proportionality of the
material; and up to (-I/P j tr> Eq. (12) is used, and is written as

60

20

TESTREFS. J 1,12
h/ts ts/t 8//>

O 20 0.63 10.0
V 40 0.63 10.0

30 40
b/t

Fig. 4 Maximum strength of 7075-T6 aluminum alloy Z-stiffened
panels.

TEST REF. 13
7 0 ts/t = 1

b/t = 25 ,<>//> = 10 >
J ? ts/t = 0.6:

20

10 20 30 40 50
h/ts

Fig. 5 Maximum strength of 24S-T aluminum aUoy Z-stiffened
panels.

Pe
(18)

where

=Pe * (A8+bt) T
J

Now assuming the condition that the tangent to the curves in
Eqs. (17) and (18) and stresses obtained from these equations
at (t/p)tr are equal, the two unknowns in Eq. (17) can be
calculated. They are found to be

2atr

and
c=

(19)

(20)

60

TESTREFS. 11,12
h/ts

 fs/t

THEORY-

——• SKIN BUCKLES LOCALLY

20 30 40
b/t

50 60

Fig. 3 Maximum strength of 7075-T6 aluminum alloy Z-stiffened
panels.

40

30

10

TEST REF. 14

O h/ts= 20, ts/t = 1, 0//» = 10

10 20 30 40 50 60 70
b/t

Fig. 6 Maximum strength of 24S-T aluminum alloy Z-stiffened
panels.

Using these values in Eq. (18), the strength of unbuckled
panels in the transition range can be determined. The method
is illustrated by the following example. A 75S-T6 aluminum
alloy Z-stiffened panel has the following dimensions:
ts = 0.0997 in ts/t = 0.981 b/t=25.0 h/ts=20.8df/ts = 7.94
da/ts = 6.63 2t/h=34.3 t/p = 42.5. Equation (18) is valid for
unbuckled panels up to f/p = 40. Hence, for unbuckled panels,
(£/p) tr=42.5 can be used.

The following values are computed: 7e=0.32 in.4, otr
=41.5 ksi from Eq. (12) or (18). With acy =76.9 ksi, om w =
68.1 ksi from Eq. (5). From Eqs. (19) and (20), we have n
= 2.39 and C=6.48. Hence, for computing the strength of
panels of the previous configuration in the transition range
10<f/p<42.5, the following equation results

of = 68100-6.48[(t/p)-10}239

For 't/p = 17.5 and 27.5, the failing stresses from this equation
are calculated, respectively, as 67.3 and 62 ksi. Test11 values
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TEST REF. 14
h/ts= 20, *s/t = 0.63, 8//> = 10

25 30 40 50 60 70

Fig. 7 Maximum strength of 24S-T aluminum alloy Z-stiffened
panels.

TESTREFS.11,12
b/t h/tg ts/t

O 15 20 •' 0.63
• 50 20 0.63
? 25 20 1.0
O 50 20 1.0

———— SKIN DOES NOT BUCKLE LOCALLY
^.£ \——— SKIN BUCKLES LOCALLY

10 20 30 A 40 ' 50 60
*'P

Fig. 8 Failing stresses of 7075-T6 aluminum alloy Z-stif fened panels.

TEST REF. 15
b/t = 25, h/tg = 20

20
<Tf » 44,000 - 39.4 (0/yO-10)''62

10 20 30 40 50 60 70

Fig. 9 Failing stresses of 24S-T aluminum alloy Z-stiffened panels.

for panels of these slenderness ratios are, respectively, 66.7
and 55.9 ksi. Note that the strengtli of stiffeners is assumed to
be equal to the strength of panels if the skin does not buckle
locally.

Buckled Panels

In Ref. 17, the method developed for buckled panels is
based on Johnson's parabolic formula, Eq. (16). The
following method is more general and is based on Eq. (17)
with the appropriate values of C and n determined from Eqs.
(19) and (20). The method is illustrated in the following man-
ner.

Table 2 Range of dimensionless parameters of panels for which
theory is compared with tests

Material tJt t/P bit hit. Refs.

75S-T6 Aluminum
alloy 1.0 10

0.63 17.5
27.5
42.5
62.5

... ...

15 20
20 40
25
30
50
55
70

11,12

24S-T
alloy

Aluminum
1.0
0.63

1.0
0.63

1.0
0.63

10

10

10
20
35-
60

25

25
30
35
40
60
75
25

20
25
30
40
50
20

13

14

20 15

Equation (18) is valid for early buckled long panels having
£/p>62.5. Hence, for such panels the transition slenderness
ratio (tip) tr =62.5 or 70. For 24S-T aluminum alloy material,
the yield stress is small; hence (t/p)tr should be 62.5-70. Con-
sider the panel that has the following dimensions: ts=0.66 in
ts/t=0.43 b/t=61 h/ts=29.2 df/ts = 11.56 da/ts = 12.56.
The following values are calculated:/£ = 0.36 jn.4, Ie=0.329
in.4 The short wave buckling stress = 9.7 ksi, p =0.465 in.2,
<V7o = 51.4 ksi from Eq. (5); for (£/p),r=70, <7,r = 18.9 ksi.
Hence n= 0.997 s.1.0 and C = 542. The edge stresses in the
transition range 10 < (£/p) / r<70 can be obtained from
ae = 51400 — 542 [ (e/p) -10] For the previous panel, we have
As =0.232 in.2 bt=1.437m.2 ASY2

S = 0.259 in.4 Compute the
fajling stress of the panel at £/p=42.5. From the preceding
equation, the first trial value for edge stress at £/p=42.5 is
ae = 33.8 ksi. For panels having e/p> 10, Mar guerre's formula
for effective width gives better agreement with tests. Hence,
bet=0.948 in.2; for the previous edge stress with this effective
area, the radius of gyration p' is given by

r
ASY2

S = 0.292 in.2

/.p' =0.540 m.;p'/p = 1.161, (t/pe) = 42.5/(p'/p) =36.61.
For this effective slenderness ratio, pe = 37.0 ksi. For this edge
stress be=0.92 in.2 Hence, the failing is

Repeating the calculation with the second trial value ae = 37
ksi, we have dy = 25.6 ksi, compared to the test12 value of 26.5
ksi.

Comparison of the Formulas with Experiment
in the Transition and Long Panel Ranges

The comparison of the formulas and tests for short panel
range is already discussed in the section related to the
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maximum strength of panels. In this section, various for-
mulas developed for computing the failing stress of panels in
the transition and long panel ranges are compared with tests.
The results are presented in Figs. 8-9. The dimensional
parameters of the panels whose failing strengths are computed
and then compared with tests are listed in Table 2. It is shown
that the present analysis in all possible regions of interest, and
the entire range of dimensions, is in excellent agreement with
the tests.

Conclusions

The analytical methods that are comprehensive and self-
sufficient for solving a variety of problems encountered in the
design of Z-section stiffened panels are presented. Wherever it
is necessary, these methods have been illustrated by examples
in which the panels tested already have been alalyzed and
compared with tests. It is hoped that many simple and new
results presented herein will make the art of design a little less
cumbersome. An extensive comparison of the methods with
tests over wide ranges of panel variables shows an excellent
agreement.
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