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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


TECK?ICAL NOTE 2020 

COMPRESSIVE STEENGTE OF FLANGES 


By Elbridge Z. Stowell 

The maximum compressive stress. carried by a hinged flange is coin-
puted from a deformation theory of plasticity combined with the theory 
for finite deflections for this structure. The computed stresses agree 
well with those found experimentally. Empirical observation indicates 
that the results will also apply fairly well to the more commonly used 
flanges which are not hinged.

INTRODUCTION 

Ordinarily the ability of columns and 'plates to carry additional 
load does not entirely cease when they buckle. If the load Is Increased 
sufficiently beyond the buckling load, they will ultimately refuse to 
carry more load, with subsequent permanent distortion. In the case of 
columns, the maximum load Is not far above the buckling load; in the 
case of plates, there may be a considerable spread between the two 
loads. 

The first essential requirement for the solution of the problem of 
maximum load is the existence of a finite—deflection theory for the 
behavior of the structure. Maximum load always occurs at some finite 
deflection or distortion beyond the buckling load. The problem of the 
load for a given distortion is thus nonlinear even without the 
introduction of plasticity. Few such solutions exist for post—
buckling behavior of structures even in the elastic region' 

The second essential requirement for computation of maximum load 
Is the ability to describe the nonlinear behavior of the structure that 
results from plasticity of the material. Neither columns nor plates 
would ever possess a maximum load in compression, if the material of 
which the structithe was made obeyed Ilooke's law at all times, although 
they might be tremendously distorted. In such a structure It would 
alwa,rs be possible to add still another increment of load, which would 
result in still another increment of distortion. The question of a 
maximum load must therefore be directly linked with the failure of the
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material to obey Hooke's law, that is, with the plasticity of the 
material and the nonlinear behavior of the structure which results from 
that pl'asticity. 

For the calculation of the maximum load carried by a buckled 
structure, these two essential but difficult requirements must be met. 
This paper treats the maximum compressive strengtth of a simple plate 
structure for which the effects of both t rpes of nonlinearity can be 
found, that is, the compressed flange hinged along one side edge. 

The maximum load carried by a long hinged flange is computed as 
follows: The strain distribution across the flange at any angle of 
twist is found from Imowledge of nonlinearity due to finite deflection. 
This elastic strain distribution is assumed to persist into the plastic 
region. This strain distriJ$utlon is transformed, with the aid of 
Imowledge of nonlinearity due to plasticity, Into a stress distribution 
by means of some appropriate stress—strain relation. The load carried 
by the flange at the particular twist is then obtained by integrating 
the stress distribution across the flange. The load is then investi-
gated to see if it has a maximum value as the twist increases; the 
maximum load should correspond with the experimentally observed maximum 
load.

Experimental data on the behavior of hinged flanges have been 
obtained by the Langley Structures Research Staff by the methods of 
reference 1. These data are used In the present paper for comparison 
with theoretical relations. 

The theoretical treatment of the behavior of a hinged flange 
commences in the next section with a discussion of the effects due to 
finite deflections. 

N0I'ILINEAR BEEAVIOR DUE TO FINITE DEFIJECTION 

Theoretical strain relations.— A flange of length L, width b, 
and thicimess t is shown in figure 1 together with the coordinate 
system. The flange Is hinged along the line z = 0 and has a free 
edge along the line z = b. Compression is applied longitudinally. 

The load is applied uniformly at first. The theory of appendix A 
shows that, for strains below a certain critical strain €cr, the
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flange will shorten without twisting. The critical strain 
cr at 

which twisting begins is shown to be 

€	 = (t/b) 2 +	 (\2	 (1) 
cr 2(l+)	 3Li 

where i is Poisson's ratio. 

As the load is increased beyond that required to start twisting, 
both the strain and the stress distribution across the flange width 
become nonuniform, larger than the average at the hinge, less than the 
average at the free edge. The strain at any point (x,z) of the flange 
is shown by the theory of appendix A to be

	

sn (-)	 (2) 

	

- (t/b)2	 k2m (z2) 

	

2(l+)	 12 2l+k2	 \LJ 

in which k2 is a parameter lying between 0 and 1 which specifies 
the amount of twist,

K= I	 da. 

1/0	 VI]- - k2sin2a. 

is the complete elliptic integral of the first kind, and 

- 

12E(t/b)2 1 = K2(1 + av2(l)J	
L) 

The average strain	 in the elastic range is the average stress 

divided by the elastic modulus E. 

Thus, if a value is assigned to k2 (a certain amount of twist), 

both the quantities K and ni2 are determ.ined; the strain at any 
point (x,z) may then be computed.
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Equation (2) may be simplified as shoin in appendix A to the 
following expression which holds over the essentially straight part of 
the flange:

Ex=Eav+(av_Ecr)(1_3i••)	 (2a) 

Theory also shows that over most of the flange length (except at 
the middle and. extreme ends) the relation between the strain at the 
hinge Eh, the average strain over the width of the flange € av, and 
the critical strain Ecr

4 

	

E av =Eh + Ecr	 (3) 

while the rotatibn max at the middle of the flange is 

ømax '15 cosh	 1	 (4) 
Vlk2 

or approximately

=l.37L ç_1.77L	 (4a) 'max	 b 

Relations (1), (2), (3), and (4) are susceptible to experimental check, 
and the following section describes the results of experiments designed 
to test these relations.	 - 

Experimental check of strain relations.— The hinged flange shown in 
figure 1 was realized experimentally by the cruciform column shown under 
test in figure 2. The cruciform column has four identical flanges which, 
if equally, loaded, will twist at the same time without restraint to 
each other; thus the condition of zero restraint against rotation is
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fulfilled. The columns were all sufficiently short to cause them to 
buckle by twisting rather than by Euler bending. 

The tests included measurement of the stress—strain curve for the 
material from which the different groups of specimens were made, 
determination of the buckling and maximum load for each specimen, a 
study of the strain distribution across the flanges of two specimens, 
and a measurement of rotation of each specimen at the middle. 

Results of the buckling—load measurements and their connection 
with the stress—strain curves for the specimens were given in refer -
ence 2 and are shown in f1.gure 3 of this paper where the buckling stress 
is plotted against the calculated elastic buckling strain. Because the 
experimental points follow along the stress—strain curve, the proper 
reduced modulus for pure twisting in the plastic range is concluded to 
be the secant modulus, which agrees with the theoretical value of 
reference 2. 

•	 The relation between the computed and experimental strain 

distribution over the width of the flange for one specimen at the 
quarter height for a number of different loads is shown in figure Ii-. 
The highest average stresses exceeded the proportional limit of the 
material. The measured strains for the four flanges were averaged to 
give the points shown in the figure. These average strains were some-
what larger than the ratio of average stress to E at the highest 
loads. From the experimentally observed average strain across the 
flange at each load and the critical strain at which buckling began, 
the corresponding theoretical strain distributions were computed from 
equation (2a) and are presented as the curves in figure Ii. This 
calculated strain distribution agrees fairly well with that observed 
experimentally. 

The relation between average strain, corner strain, and critical 
strain given by equation (3) was investigated experimentally. From 
measurement of the strain in two opposite flanges of one buckled 
specimen, averages were taken to give mean values of 	 and 

The critical strain Ecr was also accurately known. Figure 5 shows the 
theoretical relation of equation (3). compared with the averaged 
experimental points. The agreement is good. The strain Eh ceases to 

be elastic at a value of 0.002, so that both the curve and the points 
extend well into the plastic region. The persistence of the agreement 
between equation (3) and the experimental points up to the highest 
strains indicates that even though equation (3) was derived on an 
elastic basis, it is a good approximation in the plastic region also. 

Figure 6 compares the theoretical rotation of three cruciform 

specimens of widely different lengths with the measured rotations. The
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ordinate in figure 6 is the shortening /L, which is the hinge 
strain Eh. Rotation was measured by a pointer attached to the flange 
and moving past a circular scale. Equation ( Ii.a) was used to compute 
the theoretical rotations. The agreement between theory and experiment 
i 's good in this case also.	 - 

NONLINEAR BEHAVIOR DUE TO PLASTICITY OF PEtE MATERIAL 

The material of the flanges (2 1#S—T aluminum alloy) is defined by 
the stress—strain curve of figure 3. The figure shows that above 25 ksi 
the material starts to depart from purely elastic behavior and becomes 
partly plastic. As a result of this plasticity, the flanges exhibit 
nonlinear behavior above about 25 ksi. 

The most elementary consequence of the plastic nonlinear behavior 
is the substitution of Esec for E in the formula for critical stress 
which, for a hinged flange, is (reference 2) 

=E' cr	 sec cr 

Another consequence of the nonlinear behavior due to plasticity is 
the existence of a maximum load. Experimentally, as the load Is 
increased more and more, the twist of the flange will increase, until 
a value of load is reached at which the flange ceases to carry more 
load; this value is the maximum load. As was pointed out in the 
introduction, if the material of the flange obeyed Hooke's law strictly 
at all times, the rotation of .the flange would increase indefinitely 
with increase in load. The exitence of a inaxinium load is therefore 
directly attributable to plasticity of the material. 

As the structure deforms more and more beyond the buckling load, 
new stresses are introduced into the stress system by changes in the 
middle—surface dimensions. These additional stresses will combine with 
the original stress that caused buckling to form a stress intensity crj. 
For a combination of longitudinal compressive stress ac and root-
mean—square shear stress T averaged through the thicimess, the stress 

intensity is c-j = fax2 . 3 2 According to the deformation theory of 
plasticity which is used herein (reference 2), the reduced modulus of 
the material at any given stage of deformation beyond buckJing will be 
determined by the stress intensity i (or the corresponding strain 
intensity) at that stage.

(5)
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Since the maximum load always occurs at a finite rotation of the 
flange, the two effects of nonlinearity must be combined in order to 
account for the maximum load. Such a combination is effected in 
appendix B and the results are given in the following section. 

MAXIMUM LOAD 0F A FLANGE 

It is shown in appendix B . how the maximum load on a hinged flange 
may be computed from the dimensions of the flange and. the stress—strain 
curve for the material. 

The strain distribution across the flange is given by equation (2). 
In addition to these strains which arise directly from the compressive 
load, there are also shear strains in the flange due to its twist. 
These shear strains become as large as two—thirds of the compressive 
strains upon which they are superposed. Although, strictly speaking, 
the deformation theory of plasticity has only been shown to hold for 
simple loading (reference 3), its validity is also assumed herein for 
complex loading. The compressive strains and the root—mean—square 
shear strains were added in the proper manner to give a strain intensity. 
(The highly localized effects of bending at the middle and ends have 
been neglected.) From the compressive stress—strain curve for the 
material the value of the secant modulus E 	 was read at this strain 
sec 
intensity. For increasing strain intensities the compressive stress y 
at any, point across the width of the flange is then simply Esec times 

the compressive strain at the point. Near the free edge the strain 
intensity decreases; in such a case, the elastic modulus E is used to 
compute the corresponding stress reduction. The average stress av 

across the flange is then

1 
flb 

	

I	 adz	 (6) 
bJ 

The value of aav is computed for a number of different twists until a 

maximum average stress	 is found. 

Figure 7 shows the results plotted in a nondimensional form 
simIlar to that employed in reference 1. The parameters used have some 
theoretical justification and have the effect of making the Information 
given by the plot largely independent of the material. The agreement 
between the computed curve and the experimental points for cruciform—
section columns is satisfactory.
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The fact that maximum loads may be computed in this case solely on 
the basis of deformation theory suggests that the theory is sufficiently 
accurate when the stress state changes from pure compression to combined 
compression and shear, for shear strains up to two—thirds of the largest 
compressive strains. 

An interesting side light on this computation is revealed by the 
values of stress intensity at the supported edge when the load Is a 
maximum. The stress intensity for eight widely different cruciforms is 
a constant, to about 1 percent, equal to about 17 ksi. (See table 1.) 

When the flanges are present In actual structures, they are 
generally connected to other members which offer a certain elastic 
restraint against rotation along the supported edge. The question 
arises as to what effect.thls connection has upon the calculations 
based on the assumption of a hinge connection. The elastic restraint 
along the supported edge will have two major effects: The critical 
strain will be appreciably raised and the effective length L of the 
buckles will be appreciably shortened. A necessary consequence Is that 
the rotation (which is proportional to L) is reduced and, therefore, is 
more nearly of the shape of a circular sine along the length of the 
flange than it would be when a hinge is present along the joint. A 
third effect Is the introduction, of a slight curvature across the width 
of the flange. When the revised critical strain and the revised length 
are inserted Into the formulas of appendix A, which were derived for a 
flange supported along a hinge, it is found that the rotation and the 
strain relations may still be accurately predicted for flanges with 
restraint along the supported edge. Such a result seems to Indicate 
that the small amount of transverse curvature Introduced by the 
restraint does not have an important effect on the formulas. 

In view of the fat that the theory of appendix A applies fairly 
well to flanges with restrained edges, It might be expected that the' 
maximum strength, also, might be given by the same theory. Experiment 
shows that such is the case; the values of maximum strength for H—
sections are Included in the experimental points shown in figure 7 and 
the points intermingle with the cruciform points such that one set 
cannot be distinguished from the other. The theory of this paper may 
then be said to apply-approximately to flanges with elastic restraint 
along one side edge as well as to flanges without elastic restraint. 

CAUSE OF MAXIMUM LOAD 

Maximum load occurs when it is no longer possible for the stress, 
on the average, to grow with Increasing strain. The natural tendency 
for the stress to grow is defeated by the decrease In effective modulus.
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• In order to Illustrate this, effect graphically, figures B(a) 
and 8(b) have been prepared.. These figures illustrate the strain and. 
stress distributions across a hinged. flange, supposed to be of 

21iS—TIi. aluminum alloy of proportions	 11. and	 = 12. These 

distributions hold over the greater part of the flange where the bending 
is negligible. Up to the critical strain of 0.002 and the critical 
stress of 21.7 psi, the distributions are uniform. As the load Is 
increased beyond the critical value, the distributions become more and 
more nonuniform as a result of twisting of the flange. With increasing 
load, the strain Increases faster at the hinge than at the niidd.le of 
the flange as shown In fIgure 8(a). For a time, the , corresponding 
stress also increases faster at the hinge than at the middle of the 
flange, as shown in figure 8(b). Eventually, however, the strain 
intensity at the hinge (averaged over the thicimess) becomes so large 
that the modulus Is greatly reduced. When that occurs, the stress at 
the hinge line ceases to grow with increase in strain and even starts 
to decrease (see fig. 8(b)). The maximum area under the stress curve, 
and. therefore the maximum load, occurs just as the hinge stress starts 
to recede.

CONCLUSIONS 

A theoretical analysis of the compressive strength of flanges, 
based on a deformation theory of plasticity combined. with the theory 
for finite deflections for this structure, and comparison with experi-
mental data lead. to the following conclusions: 

1. The maximum load for a flange under compression and hinged along 
one edge may be accurately computed from the dimensions of the flange 
and the compressive stress—strain curve for the material. 

2. Maximum load occurs when, because of the onset of. plasticity, 
the effective modulus' has been reduced to such a low value that It is 
no longer possible for the average stress to increase with increasing 
strain. Failure is not a local phenomenon but is an integrated effect 
overthe cross section of the flange. 

3. For a wide variety of cruciform sections, the stress intensity 
(averaged over the thicimess) along the hinge line at maximum load is 
a constant to about 1 percent.
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1. The fact that maximum loads may be computed in this case 
suggests that the deformation theory of plasticity is sufficiently 
accurate when the stress state changes from compression to combined 
compression and shear in the case when the shear strains are less than 
about two—thirds of the compressive strains. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base, Va., December 9, 191l9
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APPERDIX A 

FINITE DEFLECTION THEORY FOR A HINGED 

FlANGE UNDER COMPRESSION 

Elliptic—Function Solution 

The coordinate system and dimensions of the hinged flange (one—
fourth of a cruciform—section column) are shown in figure 1(a); the form 
of the distorted shape is shown in figure 1(b). The fundamental 
hypothesis of the calculation is that at any section x = Constant there 
is no curvature of the flange in the direction of z. The correctness 
of this hypothesis is amply borne out by tests on the flanges while 
under twist. With this assumption it becomes possible to avoid a 
formalized plate treatment of the problem. 

For infinitesimal rotations, the differential equation of 
equilibrium for a column under the simultaneous action of a compressive 
stress a and torque T has been shown by Wagner (reference 1 1 ) to be 

(GJ - alp)	 - ECBT	 = T	 (Al) 

where 

GJ	 St. Venant component of internal resisting torque 

component of internal torque due to application of 
dx	 compressive force (This component is not a resisting 

torque but aids the applied torque T in twisting the 
column; its sign is therefore negative.) 

d3 
_ECBT -n	 component of internal resisting torque due to bending of 

column as it twists
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For the case in which the applied torque T is zero, such as for 
a compressed hinged flange, equation (Al) becomes 

-	 —EC	 -.=0 (GJ aIr)	
BT dx3 

As previously mentioned, equations (Al) and (A2) are limited to 
infinitesimal rotations, and thus cannot be used to determine the 
behavior of a column above the buckling load where rotations may become 
large. 

In order to investigate the behavior of a compressed hinged flange 
above buckling, a theory which permits the calculation of the large 
deformations which may occur after buckling must be employed. The 
differential equation (A2) must therefore be amended to include the 
effects which appear at finite values of the rotation 0. 

These effects involve the changes in the middle—surface strain 
that occur after buckling. As the plate twists, the longitudinal fibers 
will be inclined at a small angle to the hinge line as shown in 
figure 1(b). As a result, the longitudinal fibers are stretched In 
varying amounts and the horizontal components of the forces along the 
fibers produce a torque which resists twisting of the plate. The 
resisting torque increases very , rapidly with twisting of the plate, 
which thus becomes progressively stiffer. The rapid increase of 
stiffness with rotation provides the required mechanism for maintaining 
the rotation at 'a finite value. 

Derivation of the Basic Differential Equation 

Stretching of middle—surface fibers after buckling.— A short 
section of the plate as shown in figure 1(c) will have the length ac 
before the plate buckles. After buckling, the length ac' will be 
greater than ac because ac' is inclined at an angle 	 with the 
hinge line. (See fig. 1(c).) Thus the strain at the free edge b due 

to stretching for small values of 	 is

2 
ac—ac'	 Yb -E =	 = secy —l---b	 ac'	 b	 ,	 2

(A2)

(A3) 

(The strain Eb is positive when compressive.)
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•	 If the line aa (fig. 1(c)) has been rOtated. an angle 0 from its

original position, the free—edge fiber at c moves a distance 
b(Ø + dØ). The angle of inclination of the free—edge fiber is thus 

b(O+dO)_bOb	 (A1i) -	 7b dx	 dx 

If the point c is not at the free edge but at soe interior 
position a distance z from the hinge line, it can similarly be shown 
that

-=	 (A5) 

-	 (A6) 

From equations (A5) and (A6), the strain e resulting from the 

stretching action can be given as 

€	 2(\2 
I	 2) 

Equation (A7) gives the difference between the hinge—line strain and. 
the strain at any fiber due to the stretching action, for a given 
position along the width of the flange. 

Middle—surface strain distribution.— A compressive load P applied. 
to the hinged flange will cause the ends to approach each other by a 
distance 3. The unit shortening e is 8/L. Equilibrium of the 
internal compressive forces with the applied force P requires that 

(A') 

P = tE	 (e + €1 )cos	 dz	 (A8) 
Jo



1 )4.
	 NACA TN 2020 

The angle	 is usually so small that cos Yz may be taken as unity.

Then, substituting the expression for e from equation (A7) into 

equation (A8) yields

pbr 

	

P = tE,	 e	 dz = EA 

E -	
f)2]	

(A9) 
(Jo L	 2dxJj	 6d.x 

The unit shortening e Is therefore

(Alo) 

	

AE	 6\ftx/ 

The ratio P/A.E is the average strain over the cross section. 
If P/kE is denoted by av' equation (Alo) becomes 

e=	 (All) 

The longitudinal middle—surface strain 	 at any fibre z in the 
cross section is therefore

	

€ = €
	 7z2f\2 

Z	 av	 6	 2 dx)	
(Al2) 

	

Moment due to axial stress.— The longitudinal strain 	 does not 

have the direction of the hinge line but of the slightly inclined 
longitudinal fibers (the angle y, equation (A6)). Consequently, 
€ has components perpendicular to the hinge line which create the 

moment tM resulting from the applied compressive force. 

The component of 
E perpendicular to the hinge line at any 

fiber z Is	 sin	 and for small angles is approximately equal
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to Exz	 As this component has a lever arm z, the internal 

resisting moment M is

=_j	
dz	 (A13) 

Substituting the expression for E from equation (Al2) into 

equation (A13) results in the following relationship: 

=	 +	
(3	

(ili.) 

	

dx 15	 Pkd.J 

d 
The term	 -'-- is the same term that appears in equation (A2). The 

last terni of equation (Al li. ) is the required additional term which takes 
into account the stretching actions, which occur for finite rotations 
of the flange, and permits the computation of the rotation 0. 

Basic differential equation of torque for a compressed hinged 
flawe.— The complete differential equation of torque which replaces 
equation (A2) and Includes the last term of equation (A1 l -) is 

(GJ - oip)— ECBT	 + . 

	

15	
= 0	 (A15) 

The constants of equation (A15) are 

3 

I= 
p 

	

CBT = b3t3	
(Al6) 

	

36	 I 
El 

	

2(l+p.)	 I
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Substituting equations (A16) Into (A17) yields 

- (t/b)218(b)2(.\3 

a3 t2 [av 2(1 +	 5 t	 ) 
= 0	 (A17) 

A further simplification is effected by the use of 

= b

(Al8) 

m2 = 12 av - (t/b 2 

[	
2(1+i) 

The substitution of relations (A18) into equation (A17) gives the 
basic differential equation for a compressed hinged flange 

d27	 8 3 
2 + m 7b yb =0	 (A19) 

5 

Solution of the Basic Differential Equation 

The basic differential equation (Al9) has the solution 

=±f	 dy ° 
J2_m2y2^!y
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where c and	 are constants of integration. (The sign of the 

radical must be chosen so as to keep d positive.) With the 
I dØ 

condition that ,' = 0 for	 = 0	 equals zero at the ends) and 

the substitutions

	

2_512	 W-g	
2\J14.	 5 

=	 -	 - c 

	

2	 V ii.	 5

(A21) 

equation (A20) may bO written

d(yb/c)	
(A22) 

jPlb 
= 0	 g2(/c) [1 - h2(yb/c)2J 

With new variables	 and k defined by 

sin	 = 2:12 

	

g	 c

>	 (A23) 

8 

equation (A22) is transformed Into 

	

_!	 d	
(A2.) 

- 8 i/o /iI_ k2s1n2 

In order to determine the constant c, use is made of the condition 

that	 = 0 for	 = -1-. (x =
	

The upper limit for equation (A2)
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correspondllng to x =	 must then be . = i' In order to satisfy the 

first of equations (A23): 

j__i	 di 
2tgJ0 /1_k2sIn2 

or

di
	

(A25) 
- k2sIn2 

In elliptic—function notation, 

JO	 - k2sIn2 = 

K(k) 

-	 (J	 2 = sn( sin ) = sn (?) 

'I'l - k2sin 
Equation (A27) therefore may be written 

Kt 

L 

while equation (A21i-) becomes

_______ Sn I-) 
L - 0 /jI k2sIn2c =	 c )

(A26) 

(A27)
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S

so that

7b = sn (±)	 (A28) 

The coefficient c/g is readily found from the definitions of g 
and h in equations (A21). From the first of these equations 

h=Vm2_g2=1T_ (t/b) 2	 g2 
2(1+t)	 12


and from the second,

=h.= 
vT	

- ( t/b)2 
g	 2	 V	 2(1+p.)	 12 

Making use of equation (A27) leads to the general solution: 

- V1Ia - 
(t/b) 2	 1 (ict \2. fic\ 

	

snl-1	 (A29) -	 V 2(1+) l2L)	 LJ 

Another form of the solution which is sometimes àonvenient may be 
obtained by using a different expression for h: Since 

=	 + h2 = g2 (1 + k2)	 (kKt'2(l + k2 )	 (A30) 
T) 

it follows that

m

V1+k2
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and that

h = kg = _____ 
+ 

Hence,

7b =	 h sn ' = .	 kin	 (A31) 
L) 2 Vl,+k2 \L) 

Critical compressive stress.— As the load on the flange, represented. 
by the term Eav, cliniinlshes from some large value, the angle 'b as 
given by equation (A29) will diminish, until finally at some value 
of Eav 7b will become zero. This value of E av is the critical 
buckling strain. 

The preceding section showed. that the angle 7b is proportional 
to. h, and therefore to k. As k approaches zero, K approaches it/2, 
and the elliptic sine approaches the circular sine. Hence for loads 
onl slightly above the critical, from equation (A29), 

=	
V'av - (t/b'2 - L (2t) 2 	 2x 

2(l+i)	 l2 L 	 L 

At the crit{cal load, 	 = 0, and. for loaded edges clamped, 

Ct/b) 2 	 1 /2tt\2 
+ - i —I	 (A32) 

(av)ThO = cr = 2(1 + ) 12 \ LI 

This is the expression given as equation (1) in the body of the paper. 
The critical compressive stress 0r is obtained by multiplying both
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sides of equation (A32) by the effective modulus in compression Esec. 

Then

[ (t/b)	 1 2t 21 
________ +	 I a =E	 e cr	 sec cr	 secL2(l + )	 12 L	

(A33) 

This is the expression given as equation (5) in the body of the paper. 

Rotation of flange.— The rotation of the flange is given by 

= fYb d()
	

(A3Il) 

and so is obtained by a simple integration of the fiber angle distri-
bution along the length of the flange, subject to the condition that 
the rotation is zero at both ends of the flange. 

	

If an analytical expression for	 is desired, either 
equation (A29) or its alternate (A3 1 ) may be integrated. Integration 

of equation (A31) gives 

	

0 =	 kiii	 L	
LIcx/L	 f )4Xx .,(LKx\ 

snl .-__) a-I 
2 yl+k2bKJo	 L	 L1 

	

=	
m	

osh	
1	

- cosh	
l	 sn2 ( /L) 1 

2 i + k2 bK[	 l -	 yl -	
( A35) 

Since



0=t.cosh	
1 

b	
l_k2 

=	 cosh1	 1 2b	
VL—k2 \L 11.

or
L Ii. 

(x - 1 

2

22
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the general integral becomes 

=	 [OB	 k2 - c osh	 - k2sn2 ( c/L 1 
\/l_k2	 J 1 .>x >3 

0 =	 osh' ____ + cosh	 sn2(/L)1	 ( > > 1 
2 b L 	 Vl_k2	 Vl_k2 

Variation of strain over length and width of flange.— The 
strain	 at any distance z from the hinge line was given In 

equation (Al2) as

7b /	 2 

	

6	 b 

The slope of the free—edge fiber 
7b 

my now be inserted in this 
expression from either equation (A29) or (A31). Thus 

- . 3 —sn (—J (A36) E =6	 +

	

[E - (

t/b 2 -	 (1	 2 2 x	
av 2 av 2(1 + ) l2 L)]	 b2/	 \Lj 
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6 = €	 + --. km.	
( - 

7 sn2Kx'\	 (A36a) 
b2)	 L) 

x	 av '2l+k2 

Relationships between hinge—line, average, and. critical strains.—
Along the hinge line z = 0, and equations (A36) give 

0 
= 6 +	 - (t/b) 2	 Kt 212() 

=	 av 2[av 2(l+ )l2(J J	 L 

or

= 6 +	 k2ni2	 2 (hiK.x\ 
z=0	 av 2L l+k2	 L) 

Along the hinge line, at x =	 and. x = 

(6)	 =1 € - 
r(/b)2 + i()2	

(A37) 2 av 2L2(l^L) 12L j 
or

7 k2m2 
X zO = 6av +	

1 + k2	
(A37a) 

Along the hinge line, at x = 0, x =	 and. x = L, 

(€x ) z0 = 6av
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Thus at the ends and at the middle the strain is uniformly distributed 
across the width of the hinged flanges. 

Fractional shortening.— The fractional shortening of the 
flange o/L (1/2 of its length is considered. for coirrenience) is 

e =
L 

=

	

	
z=0 di 

Jo 

= :. 11K (E') 
..KtI0	 z=0	 L) 

= E +	
k2m2	 : Sfl2(11xx)d4xx) 

av 2Il+k2K 

2 /	 - 
-	 5 m	 E 

- av. 2 1 lk2 \ 	 K 

where	 = 1 /2	 k2sin2 d. From equation (A30) m =	 + k2, 

and by use of this. value of ni, 

e = =	 + Q( )2K(K -	 (A3 8) 

Approximate :Relationships for Postbuckling Behavior 

The preceding relationships for the behavior of a hinged flange 
when compressed beyond the buckling load may be greatly simplified if 
the flange is long enough so that bending is negligible compared with the 

twist. Under such conditions the term ECBT	 in the differential 
thx3
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equation (A15) may be neglected. The basic differential equation (A19) 
then reduces to a simple algebraic equation 

2	 83. 
1117bb =0 

The fiber angle 7b• Solutions of the preceding equation are 

0 

and

= ±.fm = 
± J 	 - cr	 (A39) 

't'b'2 in which E r =	 / / , the tern in length now being oniitted. 
2(l+) 

Rotation of flange.— The approximate rotation will be the Integral 
of the approximate value of	 or 

0 =n:	 -_€ ((L	 (>2>' 
V 2 V av	 crLJ\bj	 \2 = L = I 

and

0	 - E (1 - EV	 ( > > V 2 Vav	 cr	 Lj\b)	 = L = 2 

A reference to fIgure 2 shows that the distribution of the angle 
is nearly linear for large rotations. 

	

The maxinii.un value of 0 is	 \/av	 Ecr () or 

= 1.37	 v - cr	 (Alto)
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A second. approximation, which contains a small correction term to 
equation (A14-0), may be found from the relations 

urn	 -1	 1	 2 cosh	 _____ = log ______ 
Vl_k2 

and

lini K-log	
14. 

k-3 1	
vi- k2 

Since

2	 14. 
-	 log ____ =log ____ -log 2 

Vl_k2 

as k—*l,

	

cosh1	 = K - log 2 
/lk2 

The exact rotation at the mlddie of the column is given b 
equation (A35):

	

=	 coshl ___
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therefore, as k—)l, 

Ø.[K—log2] 

=	 2] 

= 1.37	 av -	 - 1.77	 (Ala) 

This corrective tern' 1.5* is always a small part of 

Variation of strain over width of flange.— The approximate strain 
distribution is obtained from equation (Al2) by using the approximate 
value of	 from equation (A39): 

Ex = av +	 - Ecr)(1 - 3	 (A2) 

This result holds over most of the 1enth of the flange but is in error 

near the ends and the middle where sr1 ' has a value different from 
\LJ 

unity. 

Relationship between the hinge—line, average, and critical strains.—
Along the hinge line z = 0, so that, approximately 

( x)0 =	 av -	 Ecr	 (Al-3) 

Fractional shortening.— The approximate shortening is 

e 
= • J0L. ( 9 

€ - 
E dx = 9 E y -	 (Al) 

av	 crj 

and therefore is identical with € along the hinge line z = 0.
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APPEDIX B


MAXIMUM STRENGTH OF A CRUCIFORM—SECTION COLUM['T 

The deformation theory of plasticity used here states that a 
relation exists between the stress intensity a1 and the strain 
intensity e 1 which is of the following form for loading 

(e1 increasing)

a1 = Esecei 

for unloading ( ei decreasing) 

doj E dei 

where 

=	 + a2 -	 +	 S 

ei=çT€77€7!	 S 

ax, Ex	 stress and strain in the x—direction 

stress and strain in the z—direction 

T,7	 shear stress and strain 

In the case of a crucjfonm .-section column compressed beyond the 
buckling stress acr, the value of	 is the stress in the x—dlrection
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and is always larger than 1cr• Also	 = 0, and with Poissonts 

ratio equal to 1/2, e = - Ex; so that the .fundamental stress—strain 

relation for increasing o reduces to 

2+3=E	 L2+ secvx 

in which

= EE 

T Esec 37 

The value of	 at any point (x,z) of a cruciform flange is 

assumed from appendix A to be 

= (t/b)2 +	 +	 kni2	 2 

	

_____	 ____ - 3 —Jsn 

	

X	
2(1 -,- )	 12	 21 1 + k2 \	 b2J	 \ L / 

where Ic2 Is a parameter lying between 0 and 1 which specifies the 
amount of twist,

K =	
dct 

tI	 k2sin2 

	

12	
_ 2(1+:)]	

(1 + k2)() 

As soon as a value is assigned to Ic2 corresponding to a certain amount 
of twist, the quantities 	 K	 and m2 are fixed and	 x may be computed.
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Over most of the length of the column, 	 1 and., therefore, 

the variation of.	 with x may be neglected by taking 

E = ( t/b 2	 k2ni2 
2(1 + .t), 12	 21. 1 ± k2 \	 b2) 

	

The shear strain y arises from the twist 	 of the flange 
dx 

after buckling and is proportional to the distance r away from the 
center line of the cross section: 

7 = 2r
dx 

However for insertion into the formula for strain intensity, a value 
of 2 is desired which is independent of r. Such a value may be 

obtained by taking the average value of 2 over the thickness. The 
mean value of	 over the cross section is 

-	
/!t/2 i

i r2()2d.r = t\	 b2 t'2 
= J-t/2	 3	 T() 

From the theory of appendix A (equation (A31)), 

b 2	 + k2 

over most of the section for which sn() i. Hence 

•	
5(t2 k2m2 

l2b/ l+k2 

and thus the strain intensity 	 is completely determined as 

soon as a value of the parameter k 2 is selected.
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From the stress—etrain relation the value of the stress intensity 
and of course Esec is determined, by the value of the strain Intensity. 

(The elastic modulus E is used. if the strain intensity Is decreasing.) 
The stress c may then be computed by the relation 	 as a 
function of the z—coordinate across the flange. The average value 

across the width of the flange is then 

avJ cixdz 
b0 

and is the average stress that would be determined from a testing 
machine at the -value of k 2 selected. 

In the actual calculations, the width b of the flange was divided 
into ten equal strips and the value of av was found by a numerical 

summation. As the twist of the flange varies from zero to Infinity, 
the parameter k2 varies f rpm zero to 1. The value of o, may be 

investigated as a function of k and will have a maximum at some value 
of k2 . This maximum value of aav multiplied by the total area gives 
the maximum load for the cruciform flange under consideration.



32	 NAA TN 2020 

REFERENCES 

1. Heinierl, George J.: Determination of Plate Compressive Strengths. 
NACA TN lLt80, 1911.1. 

2. Stowell, Elbridge Z.: AUnified. Theory f Plastic Buckling of 
Columns and Plates. NACA Rep. 898, l98. (Formerly NACA 
TN 1776.) 

3. Ilyushin, A. A.: Plastichnost. OG1Z, Moskva—Lèningrad., 1911.8, p. 11. 

1l- Wagner, Herbert: Torsion and Buckling of Open.Sectioris. NACA 
TM 80, 1936.



NACA TN 2020
	

3.3 

TABLE 1.— SEOIiING CONSTANCY OF STRESS ThTENSITY


AT HINGE LINE AT MAXIMUM LOAD 

Specimen At failure 

b/t L/b
acr amax a1. 

(ksi) (ksi) (ksl) 

8 1 15.9 .16.6 

9 18 Ii.o.6 1.O.O 5.9 
10 'a.o 

.10 10 37.6 38.0 11.7.5 
10 33.11 36.2 

12 lj. 37.3 39.2 116.6 
13 10 25.8 31.5 k8.2 
111. l2 21.7 31.3
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x 

L//Li 
(a) Without distortion.	 (b) Wi+h large distortion. 

Cc) Enlargement of section dac.. 
Figure 1.- Cruciform section, consisting of four identical flanges, 

-	 before and. after buckling. Coordinate system is shown on one 
flange.
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Figure 2.- Buckling of a cruciform section in compression.



Page intentionally left blank 

Page intentionally left blank



20	 40	 60	 80	 00	 120	 40 
Strain 

30 

Stre ss,

ks I

20 

50 

40 

60

j6O'I4 

NACA TN 2020
	 37 

Figure 3.- Experimental values of the buckling stress for cruciform-
section columns of 24S-T 1 extruded aluminum alloy compared with 
the compressive stress-strain curve for that material.
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6x.IO 

I	 I	 I	 I	 I	 I	 I	 I	 I 
0	 .2	 .4	 .6	 .8	 LO 

z 
b 

Figure L- Theoretical strain distriirntion across a hinged f1ane of a 
cruciform-section column compared with experiment. (Experimental 
values are average for the four flanges; Ecr = 0.0016.)
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5xjQ 

Eav

2
	

8xIO 

Figure 5.- Theoretical strain relation between 

a hinged flange compared with experiment. 

for 6av > Ecr.)

• E av Eh, and Ecr for 

(€ av =	 + cr
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1.2 qD 

AO 
C 

1.0
ADS 
a 
OJ 

+ 24S-T4 Cruciform 
o	 24S-T4 H-section 
o	 75S-T6 H-section 

.8 '	 R303-T H-section + 
14S-T4. H-section /A 

"P 

cr

.2

I	 I	 I	 I	 I	 I	 I	 I 

0	 .2	 .4	 .6	 .8	 .0 

'icr

0max 

Figure 7.- Comparison of theoretical curve for the maximum strength of 
21h9-T 14. alluminum alloy cruciforms with test results. Compressive 
yield stress cy = 46 ksi. (Experimental values for H-sections 
of various aluminum alloys have been added for comparison with 
the theoretical curve.) 
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15x103 Free edge	 75 - Free edge 

1 H_Center line	 v, ksi _ _—Center line	
Gray, ksi 

-	 29.7 - 29.7 
-	 31.9 - 31.9. 

10 -	 32.1 (max.) - .	 32.1 (max) 
-	 29.3 - 29.3 
-	 26.1 - 26.1 
-	 23.3 - .	 .	 23.3 
-	 21 .7 (crit) - 21 .7 (crit.) 

5- 25-
- 
- - 

E.cr ksi 

0 .1 01 

_5_I I	 I	 I	 I	 I	 I	 I	 I	 25 0	 .5	 1.0 0	 .5	 1.0 

(a) Strain distribution.	 (b) Stress distribution.

Figure 8.- Theoretical strain and stress distribution across a flange of 


a typical cruciform.	 ..= 114.;	 = 12. 

NACA-Langley - 1-27-50 - 850 
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