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DIGEST

The present paper deals with the dimensions of longitudinal stiffeners re-

quired to reinforce a flat plate so that it will develop the maximum buckling strength

of the plating. This problem had previously been studied by Timoshenko (1).* He ap-

plied the energy method and obtained approximate solutions for the cases of plates

which are simply supported at the edges and reinforced by one or more longitudinal

stiffeners when under uniform compressive stresses parallel to the direction of the

longitudinals. He also gave a solution for reinforced plates under shear.

In the present paper the author gives a more rigorous solution for the case

of identical stiffeners equally spaced. He carries the solution to a practical form

for two cases only, namely, one longitudinal stiffener and two longitudinal stiffen-

ers. A numerical example is worked out which illustrates the case of a single longi-

tudinal stiffener. The result of the calculation checks accurately with that obtained

from the tables developed by Timoshenko.

The paper brings out the point that the required rigidity of a single longi-

tudinal stiffener is very much less for a plate with clamped longitudinal edges than

for one with simply supported longitudinal edges. It further indicates that in either

case, the required moment of inertia of one or two longitudinal stiffeners is consid-

erably less than that calculated by the simple column formula even though the entire

width of plating is considered effective in the column calculations. As the width of

plating and the number of longitudinal stiffeners are increased, the results obtained

by calculations according to the present theory and those obtained by simple column

theory come into closer agreement.

D.F. Windenburg, Ph.D.

* Numbers in parentheses indicate references on page 16 of this translation.
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BUCKLING STRESSES OF RECTANGULAR PLATES WITH LONGITUDINAL STIFFENERS

UNDER UNIFORM COMPRESSION

INTRODUCTION

The problem is to determine the minimum flexural rigidity B = El required

in longitudinal stiffeners of rectangular plates so that nodal lines will be formed

at the stiffeners when the plate buckles.

The first studies of the stability of stiffened plates were made by Timo-

shenko (1).* For stresses below the proportional limit, Timoshenko calculated, by

the energy method, the buckling stresses of rectangular plates with longitudinal or

transverse stiffeners for the cases of uniform compressive stresses in one direction

and of pure shear stress,.

For the study of plates under compressive loading, longitudinal or trans-

verse stiffeners were considered rigidly attached to the plate in the direction of

the compressive stresses or perpendicular to them. The buckling stresses ok are

dependent, not only on the plate dimensions (aspect ratio a = a/b, plate thickness

t, and plate12d(1- #2)
cross-sectional areas F of the individual stiffeners. In place of the values B and

F, Timoshenko substituted the ratios of the flexural rigidities and cross-sectional

areas of the stiffeners to those of the plate, or for the stiffener n the values**

Bn  F,
Vn -- bD and n - bt

_ bD and bt

In the particular case of equally-spaced longitudinal stiffeners having

equal flexural rigidities and areas so that the plate width b is divided into equal

panels, two fundamentally different forms of buckles are possible under uniform com-

pressive stress with a definite value of y, which J

is called "minimum rigidity" inY . Either the 7 UX

plate buckles with the stiffeners as in the case m

where y< miny, Figure 1, Case I, or it buckles miY

in the direction of Y in half-waves with nodal

lines at the locations of the stiffeners, Fig- - --a--- x I

ure 1, Case II.t In the latter case the stiff- Figure 1 - Possible Symmetrical

eners are not deflected from the plane of the Forms of Buckling, with Longi-
tudinal Stiffeners of Minimum

plate, but are only twisted. When the slight .Strength m ine

* Numbers in parentheses indicate references on page 16 of this translation.

Translator's note: These are dimensionless ratios.

% Translator's note: The author refers to Case II as the antisymmetrical form of buckling. In this
form of buckling, the stiffeners remain straight and the individual panels behave like flat plates
supported by longitudinals at the edges. The buckles in adjacent panels are staggered, i.e., they are
shifted one bulge or one-half wave length. Thus in adjacent panels we have alternately inward and out-
ward bulges. As the length of the bulges is approximately equal to the stiffener spacing, the bulges
appear in diagonal rows at approximately 45 degrees from the direction of loading.
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torsional rigidity of the stiffeners is neglected, any increase in y above the-value

of the minimum rigidity causes no further increase in the buckling stress of the

plate, since the form of buckle with nodal lines along the longitudinal stiffeners,

which is independent of y, will then yield the smaller buckling stresses.

For the case of one longitudinal stiffener in the middle of the plate,

Schleicher (25 has approximated these minimum rigidities, using the buckling stresses

calculated by Timoshenko for a small range.

The same reasoning naturally applies also to transverse stiffeners. In the.

more important case of the longitudinal stiffeners, the exact values of the minimum

rigidities for one and two longitudinal stiffeners are determined in this paper from

the derived expressions for the buckling conditions.

GENERAL BUCKLING CONDITIONS FOR LONGITUDINAL STIFFENERS

A rectangular plate with the aspect ratio a = a/b, see Figure 2, is divided

into r equal panels of the width b =

r F -

LF

r "-

-- --- aa=arb, -

Figure 2

Translator's Note: It is assumed here

that both plate and stiffeners are uni-

formly loaded by the forces shown.

b/r, by r - 1 longitudinal stiffeners, each

with the moment of inertia I and cross-sectional

area F. If the coefficients of proportionality

4 = x/bl and 7 = y/bl are introduced, the deflec-

tions w of the midplane of the plate resulting

from the critical compressive stresses ak at the

edges 4 = 0 and 4 = ar within each individual
plate panel i will satisfy the differential equa-

tion

a2 Wi ( (i= I, 1)1]A w i ( , 7) + 7Z2l a

where

k, = k; aG=k ae and = D (Euler stress).
k= k ae b

2
t

On the assumption, valid for the following investigation, that the rectan-

gular plate is simply supported (w = 0, Aw = 0) at the transverse edges = 0 and

4 = ar (3), (4), the solution of the differential Equation [1] will be

orvi==Yi (4) *sinvi* 4, where vi= [2]

Here mi represents the number of half waves in the direction of 4. The function Y
must satisfy the ordinary differential equation

yV - 2 vi Yi, + V (Vi - n2 k) Yi = o [3]

the general solution of which is

Yi = Ai in, + B i 0 xl + C i s in 2 + Di cos 2 'q

with
9, Iv, (. n -- v ) (n fk, > vi)



Since the number of half waves m i in longitudinal direction must be the same for all

plate panels in buckling (mi = m), we get by means of the four boundary conditions at

the edges n = 0 and 7 = r and also of the 4(r - 1) instability conditions at the lon-

gitudinal stiffeners, a system of 4r homogeneous equations for the determination of

the 4r constants A to D. The vanishing of the determinant

iDI = 0

in the denominator supplies the desired buckling condition from which the buckling

stresses can be determined.

At the common boundary of panel i and panel i + 1 four instability condi-

tions must be satisfied. For 7 = i, [i = 1 to (r - 1)] we must have:

1. Wi= Wi+l, , [51

2. awi awi+ 1  [6]an an

3. The difference of the forces at the supports of the adjacent panels must be

equated to the shear loading of the stiffener. Taking into consideration the normal

stress ak in the stiffener, we then have

D raiw. 83 i wi w+ 1 i +1 Wi asWi
b Was + (2 -- ) 84 f -(2- a- E J b4 8  + koF b~8 e

But since for n = i

aW,- aW,+ 
[71

and

EJ aeFbi n2
= ry or D rDbI D r

the preceding equation becomes

(8w1  8'w1 i +I ry 4 w + k 2 a'w[_wi _ i+a Wi ks aw i8' 8 r + -- & ---- [8]

This condition applies exactly in the case of the symmetrically attached stiffener
whose neutral axis coincides with that of the plate. On the other hand, the stiff-
ener attached on one side sets up shearing forces at the point of attachment, which
produces an additional condition of plane stress in the plate. Since the additional

stresses diminish very rapidly in the direction of q (5), their effect on the buck-

ling stresses of the plate has not been considered. However, in view of the rigid

connection of plate and stiffener, the fiber at the place of contact of stiffener

and plate should be taken as the axis of reference for the moment of inertia, as pro-

posed by Timoshenko (1).*

Translator's Note: This proposed assumption makes the choice of a stiffener more convenient. Since
the moment of inertia is taken about the faying edge of the stiffener, a suitable stiffener may be
chosen directly from a handbook of structural shapes.
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4. When the torsional rigidity of the stiffener is neglected, the bending mo-

ments m at the edges of the two panels are equal, i.e.,

D (awi awi D aswiV+1 aWi+1
bi, a n a+A 2 b/2 8 ' a

or, considering Equation [7]

a'wi a'Wi+l [91

ONE LONGITUDINAL STIFFENER IN THE MIDDLE OF THE PLATE

For the rectangular plate with a single longitudinal stiffener in the mid-

dle, r = 2 and bi = b/2. In the notations of the general equations we therefore

write

x y k
= ; n =1 and k 1 = k

b/2 b/2 4

SIMPLE SUPPORT AT THE EDGES n = 0 AND i = 2.

For simple support (w= O; Aw = 0) at the plate edges n = 0 and n = 2, in

the present instance, we get the buckling condition*

sin, --2 2 (x2+x)+( 2vy -- v'k6 - = 0. [10]

The vanishing of the second factor

-2( +x)+ 2v -n v2ka ex tgx) =o [11]
1 2 ~ y 2 6 91 9, )

gives the buckling stress for the case where the plate and stiffener buckle together

(symmetrical buckling** with respect to the axis n = 1).* The buckling stresses are

dependent upon y and 5; their minimum values are those of the unstiffened plate

* The solution of the buckling condition for the general case of longitudinal and transverse stiffeners

at any location will be published by the writer elsewhere in the near future.

STranslator's note: Symmetrical buckling is represented by Case I of Figure 1. The stiffener does not

possess adequate rigidity to support the plate until the plate reaches its critical stress. Consequently

both the plate and stiffener buckle together as a column.

t In the paper by A.S. Lokshin, "On the Calculation of Plates with Ribs," Angewandte Mathematik und

Mechanik 2, 1935, p. 225, in which the author discusses a plate with any number of stiffeners of equal

dimensions and equal spacing, this solution is also given as a special case. Since Lokshin used the

same basic idea but not the general solution of the differential equation, his buckling condition is

incomplete. It contains only the case of symmetrical buckling. Whereas it is easily possible to ex-

press cases of antisymmetrical buckling of plates with an odd number of stiffeners as symmetrical buck-

ling in terms of half the width of a plate, as is done in the present paper, this can not be done for

an even number of stiffeners. However, for short plates with longitudinal stiffeners, particularly

when there are transverse stiffeners also, the cases of antisymmetrical buckling frequently give the

critical minimum buckling stresses.
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(7 = 6 = 0). As y increases, the buckling stresses increase and asymptotically ap-
proach the value for 7 = -o. At the point n = 1, when y = o, rigid support (w = 0)

exists, and from symmetry the slope of the tangent in the n-direction equals zero,

Z77 = 0). The corresponding buckling stresses result from the condition

-X1  tX = o;
X, X2

[11a]

they are the same as those for a plate of the width b/2 with one longitudinal edge

freely supported and the other clamped; see also Equation [18].*

The vanishing of the first factor of Equation [10]

sin x, = o [12]

gives the buckling stresses for the case where the plate buckles with a nodal line in

7 = 1; here there is antisymmetrical buckling with respect to the axis = 1. The

solutions of these buckling conditions are

X2 = , 2 n, 3 n...

or, if ml indicates the number of half-waves in the X-direction when there is a nodal

line at the point n = 1, we have for K2 = 7r

k =(4 m**k=4M-l' + 2CC/

K 2 = 27r, 3 ... gives higher buckling stresses.

for the various forms of buckles with m i = 1, 2,

in the ranges of length-width (aspect) ratios

of

(m-I) m ym (m,l + i)
2 2

These buckling stresses are the same as for

the plate of width b/2 with simply supported

longitudinal edges, and are therefore smaller

than those obtained by Equation [11a].

For y-values smaller than the mini-

mum rigidity minI, therefore, Equation [11]

yields the minimum buckling stresses, whereas

Equation [12] gives them when the y-values are

The corresponding minimum

3, ... half-waves, Figure

a I I
Zr__ _ __ _ _ _

values of k

3, lie

I ~ 1

7Z1 m,=2 m,3 nz=4

M_- 1
S: I I I
0 a5 /0 U tD

Figure 3 - Minimum Buckling Stress
of the Rectangular Plate with One
Longitudinal Stiffener in Anti-

symmetrical Buckling

Translator's note: This still represents symmetrical buckling even though the stiffener gives rigid
support. In this condition the slope of the tangent in the -direction at the stiffener is zero and we
have symmetry with respect to the stiffener. Symmetrical buckling appears at a higher stress than anti-
symmetrical buckling and hence it seldom actually occurs, the antisymmetrical form being determinative.

** Translator's note: This corresponds to Bryan's equation for the buckling of a plate of width b/2
simply supported at the longitudinal edges.

[13]

l

rn



greater than miny. In the latter case, the plate buckles independently of the flex-

ural rigidity of the longitudinal stiffener. The magnitude of miny is therefore to

be calculated from Equation [11], introducing the minimum values of Equation [13] as

the buckling stresses:

2 m) + (2 )
m 2C!4 2r m . [141

minY - MI K2  + m1 *
n2 Zgx tg X, m m, 2 0C

m1  X2

with

m (2_0 m, m
mi f-2m

Minimum Rigidities in the Range 0 < ao < 2

For the values m = 1 and m, = 1, i.e., in the range

2
we have

MI 24 2+2; X 2 =7
2cc

and with this

min 4 Oc (4 ' + ) V4 * + 2 + (4 M2 + 1)' . [15]

Since within this range tanh K1 = 1, we may write in close approximation

minY 
- ~ (4 2 + I) 4 22 + 2 + (4 a2 + I)2 [15a]

Minimum Rigidities for k = 16.

For integral length-width ratios 2a = 1, 2, 3, ... as well as approximately

for the long plate, Figure 3, we have from Equation [131

k= 16.

For this value

minY = W + 16 6 [16]
.n %x, tg x,2 W\(91 t /

with

As is evident from Equations [14] and [16], the miny values for any desired

6 are easy to calculate if the minYO values are known (i.e., the miny for 6 = 0).*

Then we have

4an ( 2 o m 2 . [14a]
min = min o +- + T ]

Translator's note: The value of minY for 6 = 0 is the first term in Equations [14] and [16] respect-
ively. If 6 is set at zero, the second term in each equation disappears.



O 0.5 1.0 Z.5 2.0 25 3.0 3. 4.0 4 5 55 6.0 6.5
a

Figure 4 - Minimum Rigidity of Simply Supported Plate
with Single Longitudinal Stiffener

minY = miyo + 16 ()2. (for k = 6). [16a]

In Figure 4 the minimum rigidity miny is plotted as a function of a for sev-

eral values of 6. Of the various y-values, which can be calculated from Equations

[14]1 or [16] respectively for m = 1, 2, 3, ... half-waves, the maximum value in each

case is the required minimum stiffness miny. For smaller y-values the plate would

buckle with the stiffener, in the buckling form which would yield the maximum value

of miny, but with a smaller buckling stress than that upon which the minimum rigidity

is based. The transition from m = 1 to m = 2 half-waves takes place at a = 3 to 4,

depending upon the value of 6. The irregularities at the points of transition from

m i to m I + 1 half-waves are still noticeable, as in Figure 3, in the range of m = 1

half-wave, i.e., up to aspect ratios of a = 3 to 3.5. The broken lines at the peaks

of the curves for m = 1 half-wave indicate the minimum rigidity for the constant

buckling stress k = 16.*

- Translator's note: Here m refers to the number of half-waves in the transverse direction, whereas

ml refers to the number of half-waves in the longitudinal direction.
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As the aspect ratio a increases, the branches of the curves over their vari-

ous ranges continually approach nearer to the straight lines determined by the highest

points of the curves for k = 16. The maximum values of the broken curves are there-

fore the minimum rigidities for the plate of infinite length (a = oc), where the vari-

ous aspect ratios correspond to the wave lengths X, with which the infinitely long

plate strip buckles in the symmetrical case. In Table 1 the absolute maximum values

of the minimum rigidities minymax, insofar as they coincide with the highest buckling

points within the curve branches for m = 1, are shown in comparison with the minimum

rigidities minyo for the plate strip of infinite length.

TABLE 1

6 mY max in O 0

0 24.69 2.74 24.36 2.63

0.05 30.74 2.74 30.20 2.78

0.10 36.79 2.74 36.69 2.92

0.15 43.83 3.07
0.20 52.26 3.24 51.63 3.18

In Table 2 are given the minimum rigidities for the values 6 = 0; 0.05;

0.10; 0.15; 0.20. In order to facilitate giving the minimum stiffnesses in Equations

[14] and [16a], respectively, for any desired value of 6 at the points of transition

from m = 1 to m = 2 half-waves, the minYO values for m = 1 and m = 2 in this range

have been plotted. In this connection see also the numerical example.

CLAMPING AT THE EDGES I = 0 and 77 = 2

In the case of clamping (w = 0; O. = 0) of the longitudinal edges = 0

and n = 2, the general buckling condition will be*

Ixn * Gin x, " cos x, - x, 9o x, - sin xc]
x [(x - Sin X, cos X, + , (o) x1, sin ) * x,, (x + x) [17

+ -2v k v 6 (X x 2 (i -(0o cos u.) + v~ Sin -sinx)] = o.

This buckling condition can be subdivided into

X2 (in x - cos x, - x, of x sin x, = o. [18]

for the cases of antisymmetrical buckling (nodal lines in 7 = 1) and for the cases of

symmetrical buckling,

(~, Sin xl co s x, + x,(Fol x * sin x,) xlx, (x2 + x2)

+(2 v'y- -2kd) (xi ( -0Xo i cos X2) +v2(in u* sin 2) [19

* The solution of the buckling condition for the general case of longitudinal and transverse stiffeners
at any location will be published by the writer elsewhere in the near future.
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TABLE 2

Minimum Rigidity aiy for One Longitudinal Stiffener

a m
0 0.05 0.10 0.15 0.20

0.3 1 0.798 0.891 0.983 1.075 1.168

0.4 1 1.357 1.492 1.626 1.761 1.895
0.5 1 2.205 2.405 2.605 2.805 3.005
0.6 1 3.458 3.755 4.053 4.351 4.648

0.7 1 5.251 5.689 6.127 6.565 7.004

0.8 1 5.556 6.093 6.631 7.169 7.707
0.9 1 6.218 6.874 7.529 8.184 8.839
1.0 1 7.226 8.026 8.826 9.626 10.426

1.5 1 13.72 15.52 17.32 19.12 20.92
2.0 1 20.22 23.42 26.62 29.82 33.02

2.5 1 24.15 29.15 34.15 39.15 44.15
3.0 1 22.17 29.37 36.57 43.77 50.97

3.5 1 (10.22) 20.02 29.82 39.62 49.42

3.5 2 17.11

4.0 1 (-16.47) 34.73

4.0 2 20.22 23.42 26.62 29.82

4.5 2 22.70 26.75 30.80 34.85 38.90

5.0 2 24.15 29.15 34.15 39.15 44.15
5.5 2 24.13 30.18 36.23 42.28 48.33
6.0 2 22.17 29.37 36.57 43.77 50.97

The buckling condition Equation [18] is independent of y and 6 and agrees with
that for the plate of width b/2, one longitudinal edge of which is clamped, the other
simply supported. If m is used as in Equation [131 to designate the number of half-
waves in longitudinal direction for the case of antisymmetrical buckling, then accord-
ing to Equation [181 the smallest buckling stresses for ml= 1 will be

a 0.30 1 0.40 0.50

K 23.5 1 21.6 22.9

The minimum value kz21.6 for the aspect ratios a 0.4; 0.8 ... can always be used

with close approximation for longer plates in accordance with 2a. Therefore, the re-

quired minimum rigidity according to Equation [19] is

xm +X2 x, Sinx, * cos, + x, (9ox, sinX, +akmin i4  , + k , [20]
(I-o x, - cos x ,in sin 4+ X 20]



where the corresponding minimum m o m-
--------- --

values of Equation [181 are to be ' /

inserted as the buckling stresses.

In Figure 5 are plotted

the iny values for 6 = 0, 0.1, _2 _ ___ _

and 0.2 in the range m= 1. The ---

broken lines give the minimum ri- / -

gidities for the constant value / __ /

k= 21.6. 6=o.2o

A comparison of the min-

imum rigidities for the infinitely -

long plate with longitudinal edges

simply supported and with these

edges clamped, Figure 6, shows a 0.5 1o 1.5 2 5 5, 5..5 ,0
that the miny values in the case a--

Figure 5 - Minimum Rigidity of Plate
of clamped longitudinal edges, de- with Clamped Longitudinal Edges and
pending upon the magnitude of 6, a Single Longitudinal Stiffener

amount to only 0.25 to 0.35 of the

values for simply supported longitudinal edges. In this connection, however, it is

to be noted that the assumptions are not the same in both cases. In the case of sim-

ply supported longitudinal edges the antisymmetrical buckling for each half of the

plate satisfies the same edge conditions, namely, simply supported longitudinal edges,

as symmetrical buckling for the entire plate. By installing one longitudinal stiff-

ener with the minimum rigidity, therefore, the buckling stress can be increased to

four times that of the unstiffened plate

ko stiffened /ka unstiffened = 16/4 = 4

On the other hand, in case of clamped

longitudinal edges, the edge conditions

for each half of the plate when it buck-

les antisymmetrically (one edge simply

supported, the other clamped) are dif-

ferent from those for symmetrical buck-

ling of the whole plate (both edges

clamped). With k = 7.0 for the unstiff-

ened plate with clamped longitudinal

edges, therefore, the ratio of the buck-

ling stresses for the stiffened plate

to that for the unstiffened plate is only

Longitudinal edges
830 freely supported

JE20

o - ~Longitudinal edges
clamped

0 O5 0.1 0.15 0.2

6---
Figure 6 - Comparison of Minimum
Rigidities miny of Two Plates, each
with a Single Longitudinal Stiffener,

One with Freely Supported and the
Other with Clamped Edges

k" stiffened/k unstiffened = 21.6/7.0 = 3.09
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TWO LONGITUDINAL STIFFENERS EQUALLY SPACED

For two longitudinals with equal dimensions at the third-points of the

plate width b, we write r = 3; b, = b/3;

x y . k k

b/3 b3 9

The left side of the buckling condition (right side = 0) can be written as

the product of four factors. For the case of simple support at the longitudinal edges

1 = 0 and I = 3, the buckling conditions* obtained by taking each of the four factors

as equal to zero, will be

COS =o0 [21]
symmetrical buckling

-- (1+,x) + (3 ' ' k )' Us = o [22]

sin - o [23]
2 7antisymmetrical buckling

- ( i) + y n2 vkd6 U=o (nodal line in = 1.5I2 (3Y-3 / [24]

where we have in abbreviated form

Cin x sin x.
Us - [251

,(4 401 -3) X24 cos ' - 3

Uin M, sin x,
Uas =

,(3 +4 in' ) x 2 (3 - 4 sin2 2) [26]

TheK 2  7r 3 7

The solutions y= 2 of Equation [21] correspond to the symmetrical

buckling forms with nodal lines in the third-points of the plate. The corresponding

minimum buckling atresses for K 2 = 7r are

39 ( , ) where (m
- I)  << (m, + 1) [27]

m 3 3 3

This gives the minimum value k = 36 for 3a = 1, 2, 3, ... The minimum rigidities

minY for symmetrical buckling are therefore obtained from Equation [221 in accordance

with 2a as

2 (3 -, c3)) [281
min Y - Lm + ,+ 86

with
I/m (3a m s-m 1

2 3m in 30c

* The solution of the buckling condition for the general case of longitudinal and transverse stiffeners

at any location will be published by the writer elsewhere in the near future.
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taking the values from Equation [27] as the buckling stresses, since for 7 > miny the

buckling condition [21] supplies the smaller buckling stresses.

Corresponding considerations apply for antisymmetrical buckling with respect

to the axis n = 1.5. The solutions of Equation [23]

= , 2 , 33n..
2

represent the antisymmetrical buckling forms with nodal lines at the third-points.

Since the corresponding buckling stresses are greater than those for the case of sym-

metrical buckling in Equation [27], the buckling stresses of Equation [27] are like-

wise used for calculating the minimum rigidities riny in antisymmetrical buckling

from Equation [24]

m2 m\ 3 ga' 3a m [291
min = Us + 3 0

3n2 Uas m2 mi 3m

with

X = Y + mi ± m)
2:: 3 m 3 x

Minimum Rigidity in the Range 0 < a < 3

Within the range 0 <a < A i.e., for mi = 1 whenm = 1,

X, Y9 == + 2; X2 =a'

In the case of symmetrical buckling we therefore have

2 2
m2(0 2+ I) 1Y9 22 + (90C2 + I), [30]

79 Gin x, * of x3
2

and in the case of antisymmetrical buckling

Gin 3xi
2 2

minY (9 2 +1) 19±I) +2 + (9M2+ 1) 2  
[31]

rai n in x, " (in xx
2

or, since in this region

o3 3x Sin 3
2 2

Gin x* -ol x  Gin i - Sin _
2 2

it follows that

mil - (9ga2 + 1) 1/9 (' + 2 + (9 a + I) 6. [
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[32]



Minimum Rigidity for k = 36

For k = 36, i.e., for aspect ratios of 3a = 1, 2, 3, ... , and approximately

for very long plates

X, = 7 2--
2 3 3

and

36 ()s
min Y= - - - + 36 ()

where U = U, in the case of symmetrical buckling, and U = U, when buckling is anti-

symmetrical. According to Equations [14a] and [16a], [25a], or as the case may be,

[29a] will be

minY =minyo + ms mi 3 )

and

min = min Yo + 36I) . 6 (fork = 36). [33a]

In Figure 7 are plotted the minimum rigidities thus obtained for the cases

of symmetrical and antisymmetrical buckling. As in the case of one longitudinal

stiffener, the maximum of the various y-values possible in symmetrical or antisymmet-

rical buckling forms, as well as with m = 1, 2, 3, ... half-waves, is equal to the

required minimum rigidity. Within the range 0 < a < /2/3 the antisymmetrical form

of buckling yields the greater minimum rigidities. For aspect ratios of a > - 0.5,

on the other hand, the symmetrical form is the criterion. As 6 increases, the minY

values undergo a proportionately greater increase than in the case of on6 longitudi-

nal stiffener. At the highest points for m = 1, occurring at a = 4 to 5 depending on

the magnitude of 6, the discontinuities at the points of transition from m i to m + 1

half-waves are hardly perceptible. The maximum values of the m = 1 curves are there-

fore in close approximation and likewise

the minimum rigidities for the infinitely TABLE 3

long strip of plating.

In Table 4 exact values of the min Y a

minimum rigidities are given for aspect 0 96.53 4.16

ratios up to a = 6. The minimum rigidities 0.05 129.52 4.49

minYo (for 6 = 0) form = 1 and m = 2 are 0110 167.17 4.83

taken into account in accordance with Table 0.15 209.72 5.0

2 in the transition zone from m = 1 to m = 2 0.20 257.40 5.16

half-waves.
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Figure 7 - Minimum Rigidity for Two Identical, Equally Spaced
Longitudinal Stiffeners Attached to Plate with Simply Supported Edges

NUMERICAL EXAMPLE

A plate having the dimensions

a = 700 cm, b = 200 cm, a = 3.5, t = 1.5 cm

is to be stiffened at the middle by a. longitudinal stiffener. It is desired to deter-

mine what the stiffener section should be to obtain the requisite minimum rigidity.

For structural steel, where p = 0.3,

EJ 10.92 6 F
bD bt3  bt

In the case of the minimum rigidity, we have therefore

minJ = 0.0916 bt 3 " min

or according to Equations [14a] and [16a]

min J = o0,0916 bt[ minYo +4 M2 M 6

min J = 0,0916 bt3
minYo + 16 (_ 6

[341

[351



TABLE 4

Minimum Rigidity mInY for Two Longitudinal Stiffeners

6=
6 m

0 0.05 0.10 0.15 0.20

0.3 1 1.162 1.326 1.490 1.654 1.818

0.4 1 2.323 2.621 2.918 3.216 3.514

0.5 1 3.69 4.17 4.66 5.15 5.64

0.6 1 4.55 5.20 5.86 6.51 7.17

0.7 1 5.94 6.82 7.71 8.59 9.47

0.8 1 7.89 9.08 10.27 11.46 12.65

0.9 1 9.53 11.01 12.48 13.96 15.43

1.0 1 11.44 13.24 15.04 16.84 18.64

1.5 1 24.52 28.61 32.71 36.80 40.90

2.0 1 40.31 47.51 54.71 61.91 69.11

2.5 1 58.35 69.64 80.94 92.24 103.53

3.0 1 75.11 91.31 107.51 123.71 139.91

3.5 1 89.13 111.23 133.33 155.42 177.52

4.0 1 95.90 124.70 153.50 182.30 211.10

4.5 1 92.95 129.45 165.94 202.44 238.94

5.0 1 74.72 119.72 164.72 209.72 254.72

5.5 1 37.78 92.27 146.77 201.27 255.77

5.5 2 66.89

6.0 1 (-24.32) 170.08 234.88

6.0 2 75.11 91.31 107.51

In the present instance a standard Z-bar is selected

22.9
(For* = 22.9 cm2 , 6 = 200 • 1.5 = 0.0763).

The moment of inertia with respect to the fiber at which the Z-bar and plate

are joined is

vor+ 7 2 22.9

+ 72 ..22.9

676 cm4

1122 cm4

1798 cm4

Since with the present aspect ratio buckling is possible in m = 1 or m = 2

half-waves, depending upon the magnitude of 6, see Figure 4, a check is made of the

* Translator's note: The subscript worh is an abbreviation for vorhanden, meaning actual or ezisting;

hence nominal or handbook value.
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minimum strength for both cases.

a)m = 1: minY = 10.22 (Table 2).

From Equation [351

minJ = 0.0916 - 200 - 1.53 (10.22 + 16 ' 3.52 • 0.0763) = 1556 cm
4.

b)m = 2: y = 17.11. 2

minJ = 0.0916 - 200 1.53 17.11 + 16 35 0.0763 = 1289 cm4 .

Therefore the required moment of inertia will be J = 1556 cm
4.* Accordingly

the selected section, in which Jvorh = 1798 cm4, is adequate.
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