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For compression members stretched a contrdlled amount after heat-
treatment or mede from sheet with the material grain normal to the
direction of the expected load, it is reasonable to increase the value
of the "minimum® yield to be used as the basis for the correction of
tests results. Ouch increases will depend upon rigid manufacturing con-
trol of the stretching or forming. For stretched material the com-
pressive yields for both the stretched and the unstretched conditions
shauld be determined, and the ratio between the two used to miltiply
the "minimm® established compressive yield far the “as receivedn -
material. For compression members formed from sheet, cross-grain, the
"minimim®* canpressive yield my be taken as 1,08 times the specifica-
tion tensile yield, if the material is 17ST, Alclad 17ST, R4ST, or
Alclad 245T; ard is 1.06 times the specification tensile yield, if the
material is 24SRT or Alclad 24SRT.

Reduction of Test Results to Standard——Civil Aeromautics Administration
Method, The following method of correcting test results to standard

is acceptable to the Civil Aeronautics Administration only. Tt is not
restricted as to the type of material involved in the tests. Although
the correction of compression test results by means of a factor which
is a function of thecompressive yield stresses involved is a more
rational progedure, the following method gives reasonahble results amd
obviates the difficulties involved in determining the compressive yield
stresses, ' :

a, The correction parameter R is taken as the ratio of the
specification (or guaranteed) ultimate tensile stress of
the material to the actual ultimate tensile stress of a
coupon cut from the test specimen.

b, The column intercept obtained from primary failure tests
is corrected by mltiplying by R.

e. Local orrcrushing failure test points are corrected by
the following factor:

K = RY,

where n is the ratio of the actual local failure test
stress, Fgn, to the ultimte tensile stress of a coupon
cut from the test specimen (n = Feo/Fiy).

d. In cases where it is difficult to determine whether the -~
failure of the specimen is primary or local, the test
results are corrected by mltiplying by R.

€. Corrections for the variation of the modulus of elasticity

from the specification value are considered negligible and
are therefore neglected,
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GENERAL

It will be noted that the cdlumn intercept is corrected by miltiplying
by R. It is necessary, of course, to employ same method which will
adjust suitahly short column test paints at intermediate values of L/p
so that the proper shape of the colum curve is maintained. The method
lustrated in Figure I-5 is considered suitable for this purpose.

As shown in Figure I-5, the test stress is plotted against the actual
L/p ratio, An Euler curve is then constructed, using a restraint
coefficient, ¢, determined from long column tests using the same end
conditions as those used in the short column tests, or using a conser—
vatively estimted value of e¢. (Far these purposes a corservative value
of ¢ will be high rather than low, For flat end tests a value of from

3 to 4 appears in order,) Ty is estahlished by extending a line thraugh
the test point and tangent to the Euler curve, Fo(= RF,) is plotted and
a line is dram through this point and targent to the er curve, The
corrected test point then is determined by the intersection of this line
with a vertical line through the actual test point, It should be noted
that this method of comstruction can be regarded as applicable regard-
less of whether or mot_the short column curve is a straight line, After
all of the short column test points have been corrected in this mamer,
the final design curve can be constructed as an "average" curve through
the test poimts. If desired, a scale for the effective 1/p can be con-
structed by miltiplying the divisions on the seale of actual L/p by ve.
The 2]llowalie stress for any fixity condition can then te found by
utilizing the effective L/p for that condition. (See .equation 5:l1.)

The ultimate tensile stress of the test specimen should be determined
from a tensile coupon cut from the specimen, This preferably should be
done prior to the column tests, although it is believed that there would
be 1ittle difference in final reselts if the tensile coupons are cut
after the column specimens have been tested., In the latter case, the
coupon should be cut close to the point of failure hut should mot in-
clude metal which kes been worked severely by the failure. If the column
is formed from sheet mdterial, the tensile test coupon can be taken in the
direction transverse to rolling, (Dimensions for standard tensile test
specimens and method of ruming standard tensile tests are given in
Federal Specification QQ-M-151, obbaimable for 5 cents from the Superin-
terdert of Documents, Govermment Printing Office, Washington, D.C.) It
will bé noted that this method of detemmining properties permits the manu-
facturer to take fill advantage of any increase in physical properties
which may occur as a result of cold work due to forming, as in the case

of certain types of corrpgations formed from fiat sheet,
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- GERBRAL

THIR-WALIED SECTIONS

GENERAL

1.61

The general forms of the equations which apply to thin-walled seetions
will be given here. In genersl these equations are based on elastic
considerations and for this reason they cannot be accurately applied when
they indicate alloweble strasses in excess of the proportional limit of
the material.

FIAT PANRIS

1.610

1.611

Buckling Stresses. In References 4 and 5 it is shown that oritieal stresses

for the elastic buckling of flat rectangular panels van be expressed by
the following general formula:

=KE (t/)° oL (1:44)

Where K 18 a factor depending on the type of loading, the
dimenzions of the plate, the edge fixity conditions, and
Poisson's ratio.

1]

thickness of panel.

b

the loaded side of the panel for compression snd bending loads.

= the short side of the pmnel for shear loads.

Specifio forms of Eq. 1:44 for various loading conditions mre given in
Fig. 1~&, Page 1-32, together with the relevant oritical stress factors.
These factors are shown for the case of simply supported edges for the
fixity conditions realized in typical structures do mot usually exceed
those corresponding to this type of support. 4 wvalue of M equal to 0.3
was used in deriving these factors.

Combined Loadings. The conditions for buckling under corbined loadings

are expressed by genernl'equation 1:37. Specific forms of this equation
are given below for flat rectangular plates under various loading
conditions.

Compression and Bending

Rbl 7 LR l m e m e e m - (1:45)
Compression and Shear
1.5
Ry + Ry =l m e e m oo a (1:46)
Bending and Shear
2 2
B+ R =1 o e e ool (1:47)

When compression, shear, and bending loads exist simultaneously the

conditions for buckllng are represented by the interaction curves of
Fign l"'T Page 1"39.
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1.812

1.62

GENERAL

Ultimate Strength. It should be noted that flat panela are oféan used
beyond their buckling strength in sheet-~stiffeners combinations. The
ultimate strength of such combinations is disoussed in Seecs. 1.711 and
1.721.

CURVED PANEIS

1.620

1.621

1.622

1.623

1.63

Edge Compression. Curved penels under compression in the directions of
their elements can be treated as portions of circular cylinders of the
same radius if their edges are adequately stiffened, The buckling
stresses of such panels can be determined by the formule of Sec. 1.830.

Shear. In Ref. 6 the equation for the buckling stress of simply supported
curved plates under shearing loads is expressed in the following form:

£ 2 & )
Foor = KE(g) +#BEY oo (1:48)

Where t =.tnicknass of shest.
b

1

arc length of curved edge of plute,

r = radius of curvature of plete.

The first term of the above equation represents the buckling shear stress
for a flat plate having the same ocorresponding dimensions as the curved
plate, and the value of the constant X should be taken equal to that for
the corresponding flat plate (See Fig. 1-6). The second term of the
equation gives the additiomsl stress that can be carried due to the curva-
ture of the plate. In view of existing datam it appears that the valus of
K) cen safely be assumed to be .10.

Combined Loadingss There is very little information on the buckling of
¢urved panels under combined loadings. It is gquite likely, however, that
the results of tests for such conditions cen be represented by general
equation 1:37.

Ultimate Strength. As in the case of+“flat panels, curved panels are also
used beyond their buckling strength in sheet-stiffener combinations. The
ultimate stremgth of such combinations is discussed in Sees. 1.712 and
1.722,

CIRCULAR THIN-WALLED CYLINULERS

1.630

Circular Thin-Walled Cylinders in Compression. The general theory of
thin-walled cylindsrs in compression 1s swmarized in Ref. 7. Although
the theoretical equations are complex, for practical purposes a simpli--
fied formula of the following form can bs used:

For metals, the factor K will depend largely on the accuracy of the con-
atruotion. It should be noted that the departure of test values from

the theoretical values becomes greater as higher diameter-thickness ratios
are employed, indicating that initial eccentricities have a pronounced

effect on the stress at which complete failure occurs.
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1.632

GENERAT

Circular Thin-Walled Cylinders in Bending., 1In Ref. 8 it is shown that
the modulus of rupture in bending (stress at which collapse occurs,
computed by ordinery beam theory) ocan be expressed by a formula similar
to Bq. 1:49, in which the faoctor K is from 30 to 80 per cent higher than
for simple compression., This appliss only to cases in whioh pure bending
exlsts, or in which the shear is relatively low. (Ses Sec. 1.633 for the
oase of combined transverse shear and bending.)

Clrouler Thin-Walled Cylinders in Torsion. Ia Ref. 9 it is shown that
two general types of formulas apply, depending on the length of the tube,
Long slender tubes are classed as those for which the quantity 1

ELE-is greater than 7.8 for olamped edges, or greater than 5.5 for hinged

3.

b

edges. For most structural materials the follawing equetion will serve
for engineering purposes, disregarding end aonditions:

2
R ~(1:50)
p® o -

1%t '
TFhen the value of 7% is less than that given in equation (1:50), the tubes

are olassed as short and medium 1éngth tubes,

(1) Short snd medium length tubes. The ‘minimum buckling stress

for an average tube is given by Eqs. & of Ref, 9. For enginsering
purposes these equations can be simplified when the value of H (as
defined in Ref. 9) is greater than app oximately 19. This corres-
ponds to omses in which the quantity L~ ig greater than 20 {approx-

imately}. In such cases the followling formula will apply:

Fgg =K B R I (1:51)

The minimm value of K to be expected for average tubes will be
approximately:

K = .80 (clamped edges).
K = .75 (hinged edges).

2 (2) Long slender tubess As indicated above , when the quantity

Lt g greater than 6,0, the tube is classed as a long slender tube,

=

in which case the following formula will apply:

The minimunm value of K to be expected for average tubes will be in
this case approximately 0.70.
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1.633

1.634

L1.635

GENERAL

Ciroular Thin-Walled Cylinders Under Transverse Shear and Bending. The

Tesults of teste of duralumin oylinders im combined transverse shear and
bending are given in Ref. 10. The results indlcated that three cases
apply; as follows:

(a) Bending predominating.,
(b) Shear predominating.
(e) Intermediate conditions.

In oase (a) the failure will take plage at a streas approximately equal
to that for pure bending. In case (b) it was found that the allowable

transverse shear stress appeared to be about 20 per pent higher than the
corresponding allowsble shear stress for pure torsion. (See Seo. 1.632).

For immediats conditions an approximate theory was established (Ref. 10
pages B8 and 9) which can be expressed in the system desoribed in
Sec. 1.424 by the following equation:

2 .
R, Ri 10~ mmmm e mmmm === == Z(1:53)
-f
where: R_=_0
_ By 7’
. f
B =_8 .
. B F

The sllowsble shear stress E’_would be obtained as for pure toraion and

then increased not more than 20 per cent. .Equation(1:53)when plotted in
the form of R, vs. R_.yields a oircular are with-the center &t the origin

(See Fig. 1~2s pags 1-18. The derivation:of 'this squation was based on
assumptions which appear to yield low values gnd it is quite possible that
for a given case the test data would plot outside the circular curve
indicated by Eq. (1:53). The limiting case appears to be that in which no
intermediate fallure would ocour, the corresponding curve being a pair of
1ines representing By = 1.0 and By = 1,0.

Ciroular Thin-Walled Cylinders in Combined Bending and Compression.
Although very few data exist from Wwhioh any definite conelusions may be
drawn, it appears probable that the following equation can be used in
the case of combined bending and compression:

whera Rc and Rbare cumpgtad in sgoordance with Secs. 1.630 end 1.631. ~

This equation is discussed in Sec. 1.424 and is shown as s straight line
on Fig. 1-2, page 1-18. When the member in question is subject to a major
instability failure, as in the case of a long glender tube, the above
equation will not vecessarily apply.

Circular Thin-Walled Cylinders in Combined Bending and Torsion. The
Dature of the exponments in the general equation (1:37) of Sec. 1.424
should be determined by tests of typical sections, when conbined
bending and torsion exist. From the relatively few test results which

1 - 3§
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GENERAL

are available on thiz swbject it appears that an equation of the form

2

- '_-"\\
B T T (1:56)
8

will give reasomable results. Thig equation is plotted on Fig. 1-2,

page 1-18+ If no tests are made to check this equation, it would be
advizable to use the equation:

By, +Rg =140 = = = ;v w = = o ommm oo o ~(1:56)
which will safely cover all cases, provided that the valuss of R are

based on safeé values for the allowable stresses in simple bending and
torsion,

When transverse shear stresses exist in addition to the shear stresses
due to toraion, it appears to be s safe Procedurs to add the values of

R for torsion and transverss shear, respectively, in which case squation
{1:37) becomes :

where R; corresponds to transverse shear
and B 4 corresponds to torsional shear.

Other Combinsd Lomdings, Tests should be mede to detormine the mature

of the ourve given by the general equation (1:37).
ELLIPTIC THIN-WALIED CYLINDERS,

1.640 Compression. (No data availsble),

1.641

1.642

Bending, The following summary of tests on duralumin oylinders of

elliptic section i1s taken from page 10, Ref. 11: "For pure bending in
the plane of the major @xis, the caloulated stress on the extrems fiber
at fallure was greater than the oorresponding stress for oircimseribed
oircular oylinders of the same sheet thiokness and length. As in the
oass of ciroular oylinders, it was found that slight impsrfections
cauged the test results to soatter widely. In view of this soattering,
the bending strength must be considered somewhat indefinite and should

‘therefore be estimated after consideration of all ths oxperimental dats

for both slliptic and oiroular cylinders. Design walues may then be
chosen mors or less conservatively as desired",

Torsions The following information is taken from page 10, Ref, 11. "In

torsion, the shearing stress at failure for thin-walled elliptie
cylinders was found to be equal to the shearing stresg at failure for
olreumsoribed circular cylinders of the sams sheet thickness and length.
Because buckling of the wells occurred at the ends of the minor axis
prior %o fallure, the shearing stress ealeulated for the elliptic
cylinder must be regarded as analogous to the modulus of rupture and so
used 1n strength caleoulations®,
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1,643 Trensverse Shear and Bending, The information given in Sec. 1.633
will apply also to elliptic tubes, according to best available data.

1.644 Other Combined Loadings, Tests should be made to determine the
nature of the curve given by the general equation (1:37).

1.66 THIN-WALIED TRUNCATED CONES OF CIRCULAR CROSS SECTION,

1,650  ¢enera1. For the computation of the stresses in thin—walled.truncated
cones it is necessary to modify the formulas for thin-walled cylinders
in order to account for the angle a between the elements ang axis of the
cone, In the unpublished N.A:%.A. tests, from the results of which this
section is prepared, a = tan (1/5)e  The formulas Eivan may therefors
be considered to apply provided a does not exoceed tan~ (l/5).

1.65] Compression, On the sssumption that the imtermal compressive atress fq
aects in the direction of the elesment

f = _2 800 Q
[+] A -
= BOOG O = = = = = = = e & e m e hC e o (1:68)
2
The allowable compressive stress at any section can be assumed to be the
same as that for a circular cylinder having the same walue of D/%. See
Eq. {1:49), Sec. 1.630,
1,652 Bending, On the assumption that the bending stresses act in the direction
of the elements, the stress on the extreme fiber is
£, = Me sec «
b I
T T (1:59)
Tt
The allowable bending stress on the extreme fiber ocan be assumed to be
the same as that for a cireular cylinder having the same value of D/t.
Ses Sec., 1,.631.
1,653 Torsion. For torsion, ths shearing stress in the plane of ths skin ig

given by the formula

The allownble shearing stress in torsion can be assumsd to be egqual to
the allowanble shearing stress of e circular cylinder having the same
values of D/t and L/D. (See Sec. 1.632)
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1.665

GENERAL

Transverse Shear and Bending, On the mssumption that the bending

stresses act in the direction of the elements, s portion of the shear V
is resisted by the bending stresses. Stated in more general terms, a
moment M on a truncated come of olrcular oross section induces a shear '\Ti
where

v :.--_M_ta.na.
i Ir

In combined transverse shear and bending the effective shear V' is,
therefore

t =
v V+vi

The effectlive transverse shear causes a shearing stresa f in the pilane
of the skin at the neutral axis that is given by the formuls

=v'Q
fs =1L

—_:.I:., ------------ TEeEmE s, ‘_(1=62)
nrt

The allowable strength in combined transverse shear and bending can be
computed in the same manner as for ciroular oylinders. See equation
1:53, Sen. 1.633. '

Other Combined Loadlngs. Tests should be made to determine the nature

of the curve glven by the gemeral egquation 1:37.
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STIFFENED THIN-WALIED SECTIONS

In computing the streagth of thin-walled sections which are stiffened in
axial and ciroumferential directions, consideration should be given to the
frue distribution of the internal stresses. This will be affected by a
nurber of items, of which the following are of special importance:

(1) Behavior of the metal covering in compression and as & shear web,
including the effects of wrinkling. ;

(2) Effects of doors, windows, and similar cut-outs.
(3) Effects of "shear-lag".

The ultimate strength of stiffened thin-walled structures under compressive
load (due to compression or bending) is dependent on the type of failure
whieh ogcurs. For instance, the longitudinal stiffeners may fail as
colums between the transverse stiffeners; or a more general type of
instebility failure, involving bending of both the longitudinal and trans-
verse members, may ocour. Information on the latter type of failure is

The allowable stresses for stiffened panels acving as component parts of

s thin-walled structure are usually very closely connected with the meothods
of stress analysis lsading to the determination of the inbernal stresses.
Since such methods are not included in the scope of this handbook, the
discussion presented herein will be confimed to general remarks on the
methods of predicting the allowable loads af stiffened panels. In

general, testa should be conducted on typical panels to verify the methed

General. The general theory of the strength of sheet-stiffensr combinations

under edge comprsssion is based on the fact that when a compressive load is

applied to a stiffered panel in the direction of the stiffeners, the thin
plate will be subjected to a stress of varying intensity. The intensity
of this stress will tend to be a maximum at the stiffeners and a minimum

Flat Panels. For sorvenience it iz assumed that the sheet, which is under
m variable stress; can be replaced by effective widths of sheet cooperating

17
1.70 CGENERAL.
contained in Ref. 12.
of computation used.
1.71 EDGE COMPRESSION
1.710
widway between stiffeners.
1.711
REVISED
ect'ao

with each stiffensr and subjected to the same stress as the stiffener. .-
These effective widths sre showz as the shaded portions of the sheel in
Fig. 1=8, Page 1-41, the rest of the sheet being considered as ineffective.
The total effective width for any stiffener is made up of the increments

wq, Wo, etc., which are dependent on the type and location of the gtiffensr.
The general equation for ocomputing the increments of offective width can

be expressed as follows:

w = (%t \/FIT “““““““““““““““““ - -(1:65)

whers t is the thickness of the sheet and f, is the stress in the stiffener.
Values of the constant C for different types of sheet~stiffener combinations
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(@) PANEL WITH STIFFENERS HAVING A
SINGLE LINE OF CONNECTION TO THE SHEET

(b) PANEL WITH STIFFENERS HAVING A

DOUBLE LINE OF CONNECTION TO THE SHEET

FlIG. 1-8 EFFECTIVE WIDTHS oF

SHEET FOR SHEET-STIFFENER. COMBINATIONS
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GENERAL

using alumimm alloys are given in Table I-R. It should be noted that
these values apply when the sheet rermains unbuckled between the poimts
of connection %o the stringer and when the quantity /E_ .t

7 L3
¢ b

does not exceed 0.4, Information an the buckling of the sheet between

the points of camection to the stiffener is contained in Ref, 14,

TABIE I-2, EFFECTIVE WIDTE CONSTANTS FOR ALUMINUM ALLOY SHEET

Stiffensr W € for Eq, 1:53] 'max (refer to
' Figs 1-8)

Stiffeners Edge wy .60 e
Having
Single " Wy .85 b/2
Lins of
Connection | Intermediate viy .85 v/2
Stiffeners Edge Wy N a
Having -
Double " w, .85 b/2
Line of
Connection " L »85 c

Inéarmediata Wy 85 b/b

1] ’ i .
ws 85 o
NOTE: The sbove constants apply when the sheet remains unbuckled
between rivets and when B+ does not exceed 0.4,
. %

Plate-stiffener combimations ray fail by instability in bending or s 1f the
stiffener sections are open » bY twisting instability as described in Ref, 2
Local instability failures can occur at free edges or between widely spaced
rivets. The support afforded by the sheet will tend to stabilize the
stiffeners and may have an ‘appreciable effect on the type of failure in-
volved, For these reasons it generally is necessary to estatlish allaowable
stresses for sheet-stiffener combinations bty reference to test data for
specimens closely similating those used in ths actual structure, (See
Refs. R1, 22, and 23.)

It should be noted that the radiug of gyration of a composite column con-
sisting of a stiffener and its effective width of sheet my be less than
that for the stiffener alone, The extent to which this effect should be
considered must be btased on the experience of the designer.

270853 D—40——1
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l.712

1.72

1.720

l1.721

l.722

1.73

GENERAL

Curved Panels. The strength of a curved sheel~stiffener combination can

be estimated by adding to the sllowsble load computed in accordance with
Seo. 1,711, an additional load due to curvature. This additional load ean
be determined by mssuming that the strips of sheet of width b —2w, (Ses

Fig. 1-8) becoms effective in carrying the following stress:

where r is the radius of curvature of the panel and t is the thickness of
the sheet.

SHEAR

General. If the stiffeners break up the' sheet into relatively smal)

rectangles or squares, the methods outlined in Secs. 1.610 and 1.621,

or similar methods, can be used to determine the stress at which buckling
will take place under simple shear loading, If the sheet buckles et a
relatively low stress it will continue to resist shearing loads through
the formation of e diagonal tension field. The ultimate strength of the
combination will then depend on the ability of the stiffeners to carry
the loads imposed by %he diagonal tension field, and on the strongth of
the thin web in tension,

Flat Panels. Information on the subject of flat pansls forming fully .

developed diagonal tension fields is contained in Refi. 15. Intermediate
cases may exist in which the web will resist part of the shear load in
pure shear and the remsinder through the formation of tension fields. The
loads in the stiffensrs will then be reduced sccordingly. In this latter
case the determining factors are the magnitude of the normal compressive
stress which can be carried by the web in its dbuckled state and the effect-
ivensss of the stiffeners in reducing the emount of bueckling. Consult
Ref'. 16 for further information on this subject,

Curved Panels. The behavior of curved wobs under loads excoeding the

buckling load is discussed in Ref. 6,

CORRUGATED SECTICHS

No general theory is available for corrugated thin-wall sheets subjected
te various forms of loading. Test data are presented under the chapters

on the appropriate materials,
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