Lehigh University
Lehigh Preserve

Fritz Laboratory Reports Civil and Environmental Engineering

1960

On inelastic buckling in steel, Proc. ASCE, 84
EM2),p. 1581, (alos Trans. ASCE, Vol. 125,
1960), Reprint No. 124 (60-2)

G. Haaijer

B. Thurlimann

Follow this and additional works at: http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-
reports

Recommended Citation

Haaijer, G. and Thurlimann, B., "On inelastic buckling in steel, Proc. ASCE, 84 (EM2), p. 1581, (alos Trans. ASCE, Vol. 125, (1960),
Reprint No. 124 (60-2)" (1960). Fritz Laboratory Reports. Paper 1426.
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports /1426

This Technical Report is brought to you for free and open access by the Civil and Environmental Engineering at Lehigh Preserve. It has been accepted
for inclusion in Fritz Laboratory Reports by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.


http://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports/1426?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1426&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

Welded Continuous Frames.and Their Components

Progress Report No.22 COVTC‘OK'\"OV\

f‘r B ' N e EE\C(S)

- ' ON INELASTIC BUCKLING IN STEEL

A Theoretical and Experimental Study With
: : Recommendations for the Geometry of Wide-
A _ . Flange Shapes in Plastic Design

by

Geerhard Haaijer and Bruno Thirlimann

This work has been carried out as a
part of an investigation sponsored
jointly by the Welding Research
Council and the Department of the
Navy with funds furnished by the
followings '

American Institute of Steel Construction
‘American Iron and Steel Institute

Institute of Research, Lehigh University
Colurmn Research Counc11 (Advisory)

Office of Naval Research (Contract No,39303)
Bureau of .Ships :

Bureau of Yards and D?cks

Fritz Engineering Laboratory
Department of Civil Engineering
-Lehigh University -
Bethlehem, Pennsylvania

R _ May, 1957

Fritz Laboratory Report No. 205E.9




205E.9

P e
i.,)'\. A

LN

TABLE OF CONTENTS

ABSTRACT O 00000000 O0O0O0O0O0O0OO0O0O0O0CO0O000CO00O0O0QG®© 0060O06O0CO0CQGCO COO06OCGOO0OCEO
INTRODUCTION © 00 000 00 00 00 0090000006 0 6000 0606 0060O0O0CO0O0CO6 OCO0O6 OO O

2,1 Statement of Problem
2.2 Inelastic Behavior of Structural Steel

THEORETICM‘ INVESTIGATION 0 00 00 000000 OO0 000 000000 O OO0 B0 O

3.1 Inelastic Column Buckling

3.2 Inelastic Plate Buckling Under Uniform Compression

3.3 Buckling at Stresses Below the Yield Stress

3.4 Inelastic Plate Buckilng Under Combined Bending
and Compression

E){PERIN[EIQ‘TM’ IIqVESTIGATIOIq 0000000000000O.COOOQOQD.;BQO

.1 Lompre551on Tests on Short Rectangular Columns

M 3 Compress1on and Bendlng Tests on Wide-Flange
Shapes
li.ly Summary of Test Results

RECOMMENDATIONS FOR THE GEOMETRY OF WIDE-FLANGE
SHAPES IN PLASTIC DESIGN 0 00 000 000G O0O00OCOCQO0COCOC O O0O0OCO0OOSCO OO0 O O

5.1 Flanges
5.2 Webs

SUMIVIARY 00000000060000000000000000000000000.00000900000<

ACKNOWI]EDGMNTS 00 0 0086000 O ; 0 00 0O 0006 00 06 00 60 0C0GC O 00060 0000
REFERENCES 0 00 000 00 006 0 0000000009 000600006 0008000 0606O0CO80CO0600O0
I

NOMENCLAI'I-URE QQO00000000000000000’00000000OQQQ.DOOOO‘QQQQ
TABLES AND FIGURES ooooooooooooa;oooonooeooooooooooaoo

d
Y
@

vtoul Ul FEoov H

T
O

nH
[@}Ne}

n M
=

25

25
a5

27
28
29
30
33



oy

13

205E.9 ’ -1
ABSTRACT

Plastic Design Methods assume that local buckling of flanges
and webs of WF-Beams will not occur during the formation of plastic
hinges; Such severe conditions made the re-examination of the
problem of plate buckling in the inelastic range necessary.

In contradiction to accepted opinions it was found that
steel columns and plates can be compressed beyond the yield point
and.eﬁen into the strain hardening range without buckling. Theo-
retical results for the required geoﬁetf;o proportions are pre-~
sented and comparison is made to experiﬁental results. obtained
from tests on model columns, angles and WF-beams.

Furthermore, consideration is given to the problem of

buckling between the elastic limit and the yield stress.



!

2, INTRODUCTION

2,1 Statement of Problem

?resentwday elastic design of steel stfuctures is based on
the concept of a specified safety factor against nominal yielding
of the moét sfressed fibers., Concerning the detail design of
flanges and webs of WF-beams and other platé elements, it is
therefore sufficient that the yield stress can‘be reached without
premature local buckling., However, newer me£hods of structural
design, referred to as "Plastic Design', "Collapse Design", etc.,
propose to base the design on the actﬁal load-carrying capacity
of the structure, 'The working loads are determined as a specified

percentage of the ultimate load., This ultimate load ¢ can only

‘be realized if the members can undergo plastic deformations at a

number of sections without local or lateral buckling, and a con-
sequent fallmbff in bending moment resistance. This process is
generaliy referred to as the formation of plastic hinges and re-
distribution of moments., It is therefore evident that Plastic
Deslign imposes more severe conditions on the local buckling

characteristics of the plate elements of structural members and

requires a reappraisal of the problem of inelastic buckling.

Extensive literature® exists on the buckling of columns

and plates compressed beyond the elastic limit of the material,

» However, it is generally accepted that such elements made out

of structural steel will invariably buckle once the yield stress
is reached, The following statements from reference (1) may
be quotedé

- o 0 a0 G K s G D D D e R e e G GH D o 6 G0 0 (W 6 00 SN GO N O0 oo mD MY D G0 O (N 6 O o0 G R G O GED O T e 03 G De G5 G5 0 e S om G0 G 5 e OU OO

*For a summary, references (1) and (2) may be consulted.
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On page 159
"To obtain a compressive load on a bar larger
than theé load producing the yield-point stress,
it is necessary to prevent the bar from lateral
buckling at the yield point by applying some
lateral constraint.” '

And on page 3852

"Experiments showwthét, when the'comﬁréégfgé
stress reaches the yield point of the material,

cee.the plate buckles for any value of the

ratio b/h.", - :

Essentially the same conclusions must be drawn from the
equations for inelastic buckling presented in reference (2).
Both the column and plate buckling equations -- equations (21)
end (653) -- contain the factor 7=E{/E. When the yield stress
is reached, the.tangent modulus Et reduces to zero and hence
buckling seems to be unavoidable,-

At first glance, therefore, it may‘appear impossibléﬁto
compress structural steel elementé beyond the initial yield
strain, £¢, (see Fig.la) without buckling, This situation
would invalidate one of thé basic assumptions of plastic’
analysis and hence make it inapplicable to structural design.

Fortunately this reasoning is in error, Whereas theories,
as presented in references (1) and (2), give ‘a fair account of.
bﬁckling in the‘elastiC'range aﬁd in the inelastic range‘between
the proportional limit and the initial yield point strain, E¢,
they are not applicable to cases beyond this range. A study of
the-stability of plates streésea into thé strain-hardening range
has been presented in reference (3). This paper constitutes a

continuation and extension including pertinent test data.
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2.2 Inelastiec Behavior of Structural Steel

For a proper understanding of the new approach presented
in this paper a short discussion of the inelastic behavior of
structural steel 1s necessary. Fig.la shows the well-known
stress-strain diagram of a coupon in tension or compression,

In the elastic range the material'exhibits\homogeneous and
isotropic behavior., Yielding commenceé‘rather abruptly without
any significant indication of a precporticn limit., At the yield

stress, © considerable straining takes place without an in-

OS

crease in stress such that the tangent modulus, Et, seems to

.reduce to zero, However, it should be kept in mind that the

strain, £, 1s an average strain, derived Trom the measurement ..
of an elongation (or shortening) over a certain gage length.
Actually there is no material within this gage length at a
strain between £¢ and g£,. The mechanism of yielding is dis-
continuous, taking pléce in small slip bands by a sudden jump
of strain from £¢ to Eoe The slip bands form successively,
starting at a "weak" point (inclusion, point of stress concen-
traction, etc.) and then spread out into the rest of the specimen, *
Therefore, during ylelding some of the material is still
elastic while the yielded zones have reached the point of strain-
hardening, €5. The material within the coupon is therefore
heterogeneous. Once all material has been strain-hardened, the
stress starts to increase again., Once again, all of the material
has identical physical properties and hence is homogeneous. How-

ever, slip produced such changes that it i1s no longer isotropic =~-

€0 £ C0 DD e 2 U0 G0 G M0 G G2 £ o on O DD ED D UGB 0D 6D D o B om0 a5 O 0D &0 ) G5 60 5D D G0 6D £D G0 G om0 G0 G 00 S0 D on en on G E s O Ge omws e e D o I G0 o

“For an'informative description see reference (h)‘p,297;



'
(LY

205K, 9 : ' -5
i.e., its properties are now direction dependent. If proper con-
sideration is given to these physical facts the behavior of com-
pression elements of structural steel in the yiela and strain

hardening range can be explained and predicted.

3. THEORETICAL INVESTIGATION

3,1 Inelastic Column Buckling

Before treating the problem of piate buckling, it may be
advantageous to first sgsummarize the behavior of columns. The
elastic buckling stress of a slender column is given by:

. TE L
6\é_ (.Z/T)z' Cl)

‘where o, = elastic buckling stress

E = modulus of elasticity
{ = effective column length
r = radius of gyration

In the inelastic range the theoretical stress at which

'bifurcation_of equilibrium will occur (bending commences) is

characterized by the tangent modulus stress(z)
T By |
- . A D
6 = TIiryT

where
Et= tangent modulus

The maximum stress lies between Oy and the reduced modulus stress

7EZEEf '

—— - - - - - - - - - - ( )
0= Ty S

(1)

For a rectangular section the reduced modulus is given by
4 EE

rEEe L L (4
(/€ +JEy)

Ee =
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For-design purposes the possible increase of the maximum stress
beyond the tangent modulus stress is generally neglectéd° It
the tangent modulus E, is given, the behavior of a column can be
predicted.

On the-basis of the simplified stress-strain diagram (Fig.
1b) buckling would be elastic up to the yield point stress, Oge
The slenderness ratio (£/r) corresponding to initiation of yield-
ing is obtained by inserting into equation-(l) the values 0g=0,
and E, For smaller values of Z/r'buckling will not occur immed-
iately once the yield strain € is reached but yielding will
commence, with the formation'of‘slip bands somewhere along the
length of the specimen., For a pin-ended column the worst sit-
uation will occur if yielding starts to spread from the center.
The bending stiffness of the middle part is greatly reduced to
E,I, E, being the tangent modulus of the zone which has reached
strain-hardening, The end-pieces are still elastic and hence
their bending stiffness is given by ‘EI (see Fig°2; case a).
Assuming that the column is continuously compreésed such thaﬁ
buckling will occur without strain reversal, the buckling con-

dition is given by the following transcendental equation:¥

A tmﬁ—%—; tan P (L -85)=1 (5
where | .

P° = Oer/%

Osp= buckling stress

Og = elastic buckling stress

'§.= parameter specifying extent of yielded zone sas:
shown in Fig.2, case a).

o aes €507 GG W 68 I G0 on SD o 00 G0 o e e OO0 BT UD 623 O 53 6D G0 N0 ED G O3 03 G €0 00 G0 65 60 U5 M0 en D 00 Gh 00 G0 o G0 o G GO e o 60 G5 65 e an UG oo oo S oo o
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For given values of EO/E and Z , values of ? can be derived
by trial and error. As buckling‘occurs within the plastic range--
i.e. the critical stress Ogp, is equal to the yield stress 04

the slenderness ratio 4/r can be computed:

2.2
- - 2 - ¥ mE
Cor = o = T % = 5y |
2 2 2
(Lfy)y= XK= - - --- - - - - - (6
The shortening of the column,ad,is given by

ae = E,.(1-28)8 + 2,58

and the average straln at which buckling occurs:

or:s

Eer = 48/e = CUl-28)& + 25&0--(T)
Numerical results for Equation (7) are shown in Fig. 2,
curve (a)9 derived on the basis of the following material coﬁstantsr
E = 30,000 ksi
Eo= 800 ksi
€r= 1,1x10"3 -
€o= 14x10-3
On= 33 ksi
The yield stress, 04, is‘reached for a slenderness ratio
£/r=911.9, the corresponding strain being the yiéld strain &g,
For smaller slenderness ratios, £/r, the buckling stress Oop To-
mains constant at the yield stress level, However, buckling will
only occur after the yielded zone at the center has spreadvover a
length 2%¢ resulting in a great redgction of the ben@ing stiff-
ness over this section, o
The average critical strain changes at first very little

with descreasing €/r, but increases rapidly for values of &/r
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smaller than 30. Finally, fér 8/r=15.li the entire length is
strain-hardened before buckling occurs. If €/r is still further
reduced the critical stress will Increase above the yiela stress
045 All material being strain-hardened, the tangent modulus Eg
for the entire length is given by the slope of the stress-strain
curve in the strain-hardening range.

Another extreme assumption would be that yielding spreads
symmetrically from both ends. The corresponding curve (b) in
Fig.2 is cbnsiderably above the previously derived curve (a),

The foregoing reasoning is substantiated by the results of
37 tests on small modei'columns which are also plotted in Fig.2.%
The average yleld stress of the steel used was about 35 ksi. Uh-
fortunately no records of the strain-hardening strain Eo and the
strain-hardening modu1u§ E, are available. Almost all test points
lie between the two theoretically derived curves. The actual
yielding may occur anywhere between these two extreme assumptions.

The experimental indications however are that strains
1arger‘than the yield strain €f can be reached without bucklihg°
For sufficiently small e/r¥va1ues the point of strain-hardening,
E,s can berreached ana'even exceeded. Corresponding. test results
will be given in a subsequent section.

If theoretical predictions, based on Equations (1) and (2)
end a tangent modulus Et derived from a coupon stress strain
diagram, are compared to the actual behavior of structufal steel

columns such as WF-sections, bullt-up members, etc., a considerable

m.:.mm‘z‘m_mmg,ammc-m;:--:aa:u..mmmmm;an-:mmmw»_vea.n_.ammw«aueawu_mm@mmmum—mammmmngunwu?w

“The test results were obtained from Mr, P,C, Paris, instructor at
Lehigh University. The tests were performed by him and Dr, T.A,
Hunter at the University of Michigan under the direction of Prof
J.A, Van den Broek
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discrepancy 1s observed in the intermediate colﬁmn range 30¢€/r€110,
the theoreticeal predictions being always considerably too high.

This situation generally has been attributed to initial imperfections,
accidental end eccentricities, etc. Bleich introduced an "effective"
coefficient, ¢=Et/E~~Ejo(64) reference (2)-- much below the actual

T based on a coupon stress strain curve, in order to.preserve the
applicability of qu'(Z) to inelastic buckling. However recent
theoretical and experimental investigations cleared up the situation
very conclusively by attributing this discrepancy to the presence of
residual streéses(s)gé)a The proportional 1limit of an axially loaded
column is reached when the sum of the applied stress P/A and the
maximum compressive residual stress reaches yielding. The sub-
sequent behavior of the column depends on the distribution of the
residual stresses and the direction of buckling -- i.e., weak or
strong axis buckling. However for &/r approaching about 15, the
strain-hardening range/is reached and the influence of residual -

stresses is completely wiped out. From there on the buckling load

is governed by the tangent modulus, E¢, only.

3.2 Inelastic Plate Buckling Under Uniform Compression

In the previous section the possibility of a column buckling
at stresses above the yield stress, 0, , was shown. It can there-
‘fore be assumed that the same may hold true for plates. The ob-
jective of the following analysis is the derivation of a plate
buckling equation‘which is applicable to the strain;hardening range.
The behavior of plates which buckle in the intermediate range be-
“tween the proportional limit (sum of applied and residual stress

equal to yield stress) and the strain hardehing range is governed
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by the presence and distribution of residual stresses. No direct
solution of this problem has yet been developed. However, a
reasonable transition curve will be proposed. \

During yielding the maferial changes its physical proper-
ties such that at strain-hardening the initially isotropic
material has become orthotropic -- i.e., the properties are direct-
“lon dependent. In case of plane stress the stress and strain
relations of such a material can be expressed in the following

general forms

dey= - 2dey + =46 SIS >

C{Af;y - ‘Z%;: d ?Txy

where
€ = normal strain

¥ = shear strain

0 = normal stress

T = shear stress

Ex = tangent modulus in x direction
Ey.= tangent modulus in y direction
Gt = tangent shear modulus

9x = coefficient of dilatation for increase in 04

~
]

coefficient of dilatation for increase in Oy
If Equations(8) are valid for the entire plate cross-section, the
expressions for the bending and twisting moments in terms of the

transverse plate deflection w, become
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- on1 (XY ), 2
My = -Dyl D X2 + Y °9y2 )
= Fw 2w

My =Dyl (Fg + YV, FR) - - - - - 1)
= .00, Dw ‘
Mky t 2x2Y
where
ts
I ==
12
t = thickness of plate
I
D. = X __
X 1=9x\?y
By
DY = 1_’9;‘vy

The above expressions imply that buckling occurs without strain
reversal: From these relations the following general expressions
for the buckling strength of uniformly compressed, rgctangdlar
plates can be derived as shown in Reference (3):

(1) Loaded edges x=0 and x= € hinged, unloaded

edge y=0 hinged and unloaded edge y=b free,
(see Fig.3) | ‘ ,
ot 2 T? b & ] L

Or = C) [ 7 D (7)) + G c1oe) _-

where - ’

1

t thickness of plate
b = width of plate

£ = length of plate or half-wave length

For a long plate the first term can be neglected and the buckling

stréss becomes: .
— t 2
Ocr ~ C'_E—') C;t S G R )

(2) Same as case 1, but unloaded edge y=0 fixed.

The minimum value of the buckling stress occurs when the

length~to-width ratio is
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. | .
%=1°u64_%‘—— S - - - - - - - - Cr2)

. Then 4
oo ( £ 01169 />, D, — 0.270(Dyy + D,x) + 1. 7:2@-.,_,] -C13)
Dxy = Yy D« )'x = Yx Dy

(3) Loaded edges x=0 and x=§ hinged, unloaded
_edges y=+ d/2 hinged.  (See Fig.l)

The minimum value of the buckling stress is
obtained for the following value of the

length-to-width ratio:

| . £_ 4 Dx "
-~ 4 »/D, e

Then
otV . |
oor = 15 (F) [243,(13, + Dy, + Dy, +Ll'Grt]-°-('5) <—

(L4) Same as case 3, but unloaded edges y=%* 4/2 T fixed,

The minimum value of the buckling stress is obtained for

£-o066 5 - - --- - a8
Then '
2, 4. 2
Por = 5 (%) 4554 DD, + 1.237 (D + D) + 43436

s T

Several theorles of plasticity are available for the
determination of the moduli Ei, E&W'Qx,‘Qy and Gi. The various
fheoretical predictions as applied to the piate buckling problem
are summarized in Table 1. Obviously, thére are significant dis-
crepancies between these theories. From the point of view of the
mathematical theory of plasticity the stress-strain relations
should be of the. incremental type; only the stress-strain law
ﬁsed by Handelman and Prager(ll) satisfies this condition.

All theories except the last one can, therefore, be discarded.
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Although the stress- straln law of Reference (11}, w1th the
second invariant of the deviatoric stress tensor as the. 1oad1ng
:function, has been verified experimentally by.combined compression
and torsion teets on tubes of mild steel streseed into the,etrainm

(12)

hardening range s 1t cannot be applied without modification to
the plate buckling‘problema In Reference (3)'it is shdwn>how
effective values of the modull can be obtained from,an,increﬁental

stress-strain relationship. From the stress-strain curve for the

strain-hardening range of mild steel

g 2T 4k (T2

_ S 4
with | &3 b o3y /
. e .
E, = 900 ksi B , — L
}>TS ' Lo &
k =21
m = 2

the following values of the modulili were found to be applicable:(3)

D, = 3,000 ksi
Dy = 32,800 ksi
Dyy= VyDy= YyxDy= 8,100 ksi

Gy = 2,400 ksi

The above developed expressions for the buckling strength
of orfhotropic plates can only be applied if all materiel is
strained into the strain-hardening range (Ezso), in the inter-
mediate range transition curves can beedeveloped as in the case
of column buckiing (see Fig.2).. _

Consider for instance a flange of length 2&. The loaded
edges x=0 and x=2 £ are fixed, the unloaded edge y=0 is hinged
and the unloaded edge y=b is free.® For the simplified stress-strain

—— e T (s O G . O ED G G A e Gm G G GO MM GOm0 £ M A 0N D GX) S O OR S B D R Gt O G e Uee SEY NS e G e e D G B A Ou OO Gm R S0 e O GO e R G W

*This example has been chosen as a basis of comparison of the theory
with the results of tests on plates with these boundary conditions
presented in Chapter L.
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curve of Fig. 1b the elastic solution is valid for O0,p<0p and
obtained from Equation (10) by substituting the elastic values of

the moduli, Thus
b 2 |
) [Iz(l-vz)(T) =+ G’] - T ---_CIQ)

"If the geometry of the specimen (given by b/t, b/g) is such that
Osp from equation (19) would exceed the yield stress, Oy, yielding
will occur before the plate buckles, the stress remalning at the
yield value 0. In order to find a solution for this case it is
necessary to assume a certain distribution of the strain-hardened
zones, for example, ylelding starts at the ends and spreads to-
wards the middle. This assumption seems to be reasonable in view
of the fixed-end restraints and has also been observed during tests.
The middle section, being still elastic, is practically
rigid compared with the yielded zones of length &€ . Assumiﬁg

that only the latter will deform gives'

Tt ,
oor= 0= (£ T [ B DL( )_,_@,t] e e o2 (20D
The corresponding average critical strain is
Er= (1-2)€6 + 5 & -~--- -—----- -2

Equations (20) and (21) are applicable to plate elements that are
free of residual stresses (for example, annealed specimens). How-
ever, as delivered specimens contain In general residual stresses
of considerable magnitude such that partiai yielding will set in
-at an applied stress considerably belbw the yield stress. In the
following a more realistic approach to the range O0p<Ocp<0y, will
be discussed. The elastic solution is only valid up to a limiting

stress Ipe The magnitude of op is determined such that the sum of
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the applied stress 0. and the maximum residual compressive stress

p
OR equals the yield stress 0,. Hence the stress 9p corresponds

to the "efféctivé'proportional limit" of the specimen.

.. 3.3 Buckling at Stresses Below the Yield Stress
The elastic buckling stress, Og, of a perfectly plane plate

of isotropic material, subjected to forces acting in its plane, is

given by:
‘ T E t (2
o, = K - - = - - - - - ’
e iz - (b)) €225
where
k = plate buckling coefficient

This equation and the expression for the elastic buckling stress
of a column, Equation (l), can be written in dimensionless form

.as follows:

%:"=;(L'i R Y X D)
where for a column
O(:TEF g" - - - - - - - - o249
and for a plate
\ :
b 12 6 (1= P) — . _ _ _ _(25
ok Tt K E | ‘ g

Equation (23) is valid for values of X larger than a certain 1imit-
ing value &, (See Fig.5). The corresponding limiting stress is
o)

p* As indicated before the sum of this limiting stress and the

- ' maximum residual stress equals the yield stress Oo' Prom this

point, (OP/OO,Wp), a transition curve must be followed to the

point where the buckling stress equals the yield stress, (oér/oo=1§&0)

If a specimen.reaches this point all its material has been yielded
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and reached the strain-hardening range. The transition curve can

generally be taken in the following form

oer/oo= | = (1= &Y A=22) --- --- 26

For a column the value of &g is‘relatively small and the
influence of strain-hardening is, therefbre, geherally neglected
by taking %,=0. It has been shown by Huber(S), that the shape of
the transition curve for WF columns depends on the distribution
of the residual stresses and thé axis about which the column
buckles (weak or strong axis). The magnitude of the reésiduals
determines the value of Op/oo . Ac%ual measurements -of residual
stresses in WF shapes have fufnished rather high values. In order
to be conservativé, Op/co for most WF shapes should be taken equal
to 0.5.

For WF Columns the influence of residual stresses is most
pronounced if buckling takes place about the weak axis., The
transition curve was found to be approximately a straight line
(n=1, ¥o=0). When the column fails by bending about the strong
axls a quadratic parabola, (n=2,x,=0) is a good approximation of
the‘transition cﬁrvev

| For plafe buckling the influence of residual stresses will
be less severe., Indeed, the buckling stress is not only dependent‘
on the modulus E, in the direction of the compressive loads, but
also on the-modulus Ey in the transverse direction and the shear-
ing modulus G¢. However, ylelding affects the 1after to a much
lesser degree than E, (see equations 8, 10 to 17:aﬁd 18). This
influence.can be taken into account through a higher value of n.

However, the transition curve given by Equation (26) can at the
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most be taﬁgent to the elastic solution given by Equation (23),

From this condition the limiting value of n is found:

2 (A = &) 2T

Tmex” oL (A" — 1)

It is suggested that this value be used for all cases of plate
buckling.

Finally, the problem remains to determine the values of o
and &, Equation (23) gives the value of a® by substituting
oe=0p,where 9p is the effective proportional 1limit. For structural
wide-flange shapes it 1s conservative to take Op/oo =0.5. Thus
&= vgt Furthermore, the following values of &, are determined
from Equations (2), (11), (13), (15) and (17) respectively by
substituting the given values of the moduli. In pafenthesis the
corresponding values of £/r, b/t or d/t are_given for 0o= 36 ksi.

Columns : oy = 0.173 (6/r=15.7)

»//Long hinged flanges: &, = 0.455 (b/t=8.15)
Fixed flanges : oy = 0.461 (b/t=1L.3)
Hinged webs 2 &, = 0.588 (d/t=32.3)

&, = 0.579 (d/t=42.0)

FPixed webs

.0

The above table suggests that the values of &, depend only
on the type of compression element (column, flange or web plate)
and are nearly independent of the amount of restfaint. The
problem can, therefore, bgiédmewhat simplifigd by taking for
columns ©,=0,11 , for flanges‘(plates with one free edge) «,=0.L46,
and for webs (plates supported along all four edges) uO#O.SB.
These values are used subsequenfly in -Fig. 23 where comparison to

test results is made(
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Bending
3.l Inelastic Plate Buckling under Combined Bwekd=Hrs and Compression

An extension of the previous considerations to cases of plates
subjected to bending and éxial load is of practical importance,

The web of a WF-beam subjected to a bending moment M and axial load
P presents such a case. Depending on the ratio of P/Py, Py being
the yield load of the axially loaded member and equal to OjA, the
neutral axis may lie inside or outside of the web, }

First of all, the plate buckling coefficient k must be deter-
mined. The minimum values of k for a stress distribuﬁion of a fully
plastified section are shown in Fig.6. In this figure, d corres-
ponds to the depth gf the web and y, fixes the position of the
neutral axis. The values were determined by equating the work of
the external forces to the dissipation of thé internal energy at
the moment of buckling, using the moduli given in Chapter 3.2.

Secondly, the strain E.r a8t which buckling of the web plate
occurs and the corresponding debth to thickness ratio d/t is of-
importance; For an expedient solution of this rather involved\
problem recourse to subsequently described test results is made.
Fig.7 shows experimentally determined values of Q as a function
of the critical strain Eop fof uniformly compressed webs. The
parameter o 1s defined by equation (25) -~ with depth 4 instead

of width b -:

d 12 €5 C1=v2) '

—

A =
and is hence proportional to the 4/t ratio. Turning now to the

problem at hand, the maximum strain of the compression flange is

taken as E€p. As the strain varies linearly over the depth of



the secfion the meaﬁ strain of the compression zone in the web 1s
€,/2. Using this latter value in entering Fig.7 the following
values of O are.found:
For:. &,/€Er = 12: &= 0.58

€./€r 82 &= 0,60

€,/€r = U %= 0,69

i

The resulting curves for the critical 4/t ratios are plotted in
Fig.8.for the specific values indicated.

Values of 4/t corresponding to o, different from o0,= 33 ksi

are obtained by multiplying 4/t by \/33 ksi/og .

4. EXPERIMENTAL INVESTIGATION

L.l Compression Tests on Short Rectangular-Columns

Contrary to commonly accepted opinion, it was étated above
that buckling of columns at stresses above the yield stress should
be possible wiﬁhout‘special precautions tO‘prevént buckling at the
yield stress, In order to verify this statement experimentally, a
numbef of compression tests on short model columns of rectangular
cross~-section were carried out. The dimensions of the Specimens,
cut from the flange of an 8WF4O section,»kASTM A-7 steel) were
chosen such that buckling in the strain-hafdeniﬁg range could be
expected (see Table 2)., The test set up is shown in Fig.9. The
columns were placed flat-ended in a hydraulic testing machine,
'During the tests simultaneous load, strain and lateral deflection
readings were.taken, |

The maximum loads divided by the area are plotted in Fig,

11, and compared with the tangent-modulus and reduced modulus loads.,
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Confirmation is obtained of the prediction that the maximum load
~lies between the tangent and reduced-modulus load . The behavior
of the columns is illustrated in Fig.l2 showing the lateral de-
flection of the column as a function of the strain. It is_obyious
from tﬁese curves that the-qdlumns can reach the strain-hardening
range without deflecting excessively. The critical strains corres-
ponding to the tangent-modulus loads are indicated by arrows. In-
deéd, at these points the deflections start to increase at an
accelerated rate, confirming once again that the tangent modulus

load is the load at which bending commences.

Li, 2 Compression Tests on Angles

The next phase in the experimental program was-the veri-~
fication of the inelastic plate buckling theory. For this purpose
a number of compression tests on angles were carried out. When
buckling torsionally, the flanges of an equilateral angle act as
two plates, hinged along the heel and free along the outstanding
edge, The loaded ends of the angle columns wefe fixed in the
testing machine against rotationn Pig.10 shows one of the speci-
mens after teéting. The dimensions of all specimens are given in
Table 3. The specimens were machined from a bx6x3/8 (14.9 1b)
angle, ASTM A-7 steel, by reducing the width of the leg to the
desired dimension b. Table 3 indicates that six specimens were
tested after complete annealing and two specimens wefe in the
"as~-delivered" stéte, Material properties as obtained from
coupon tests are summarized in_ Table .

Fig.13 shows the obtained stress vs. average axial stfain

curves., Furthermore, the rotations of the center section were
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measured. They are plotted as a function of the average strain in
Fig.1llh. In both figures the experimentally determined critical
étrains are indicated by arrows. The critical strain is defined
as the strain at which the rotation starts to increase more rapidly
than it did initially. Specimens ALl and Ah2 did not buckle tor-
sionally but failed by bending about the weak axis. Buckling
occurred: in the_strain—hardening range, thus proving once more
that buckling does not necessarily take place at the yield stress.
The results of all tests on angles are summarized in Table 5.
The theofetical solution fpr the Strain—hardening range 1is
given by Equation (10) and forithe yielding range by Eqaution (20)
and Equation (21). Fig.1l5a shows a plot of § (parameter defining
extent of yielded zones) vs. b/t as obtained from Equation (20).
As elastic déformations have been neglected in the derivation of.
this equation b/tﬁ eo for z =0 (rigid—plastic solution). From
equation (19), however, it follows that for § =0, b/t=20.7.
Knowing the rigid-plastic solution énd the point for 'g =0, corres-
ponding to the limit of the elastic solutions, the elastic-plastic
solution is sketched as a dotted line in Fig.15a. The critical
‘strain can then be determined from Equation (21).
The obtained &,,. vs. b/t curves are compared with test
results in ¥Fig.1l5b. The theoretidal curve describes adequately

the behavior of the test specimens,

L.,3 Compression and Bending Tests on Wide-Flange Shapes

Six wide~flange shapes were tested under two loading con-
ditionss

(a) Axial compression (Tests D1,D2,D3,Dl,D5,D6)

(b) Pure Eending (Tests Bl,B2,B3,Bl,B5,B6)
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The dimensions of all specimens are given in Table 6. Material
properties obtained from coupon tests are summarized in Table 7.
:The compressioh specimens were placed flat-ended in a testing
machine, the 1ength being divided in three gage lengths over which
the change in length was measured directly with 0.0001" Ames dials.
The set-up of the compression tests is shown in Fig.2la. The bend-
ing specimens were loaded symmefrically by two concentrated loads
(Sée Fig.21b) and‘the dimensions were chosen such that shear failure

was avoided. Again changes in length of the flangeswere measured.

The resulting P/A vs. Egy curves for the compressions tests
and M/Z vs. €,y curves for the bending tests are plotted in Figs.

16 and 17 respectively, where

P = compressive load
A.= area of cross-section
M = moment
Z = plastic section modulus
Egy = average strain at center of compressed flange.

Furthermore, with the aid of a dial gage lateral deflection
measurements were taken along the edges of the flanges and the
center of thé webs (see Fig., 18). For the bending tests the
lateral rotation was ﬁeasured at mid-span of the beam. The loading
points were supported against lateral rotation. The observations
of web deflection, fiange buckling and lateral rotation from test
B3 are plotted in Fig.1l8 as a typical example. From these curves
the critical strains are obtained as indicated by arrows in Figs.

16 and 17. As mentioned above, the critical strain is defined as
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the average strain at which the deflection starts to increase more
rapidly than it did initially. The results of all tests are sum-
marized in Table 8.
The results of thoge tests where flange buckling was pre-

dominant are shown in Fig.19. The results of tests DL and D6
are omitted begéuse web buckling occurred first and caused pre-
mature flange buckling. }Specimen Bl did not develop a major flange
buckle but failed by lateral-torsional buckling., This result is
therefore eliminated from Fig.1l9., The critical strains ére plotted
as a function of b/t and are compared with theoretical solutions®
for different values of the coefficient of restraint,lﬁ . This
coefficient represents the féstraints provided by the web to the
flang85 In case of elastic restraint, where ¥ = moment per unit
length required for a unit rotation, the coefficient of restraint
"becomes :

_ _¢b
f = 2D,1

From the tests results it is seen that/g has a value of the order

el - - (29

~of 0.01.

For the cases where web buckling occurred first (Tests Dl
and D6) or simultaneous with'flange buckling (Test D2) the results
are plotted in Fig,20 and are compared with the theoretical solu-
tion given by Equations (15) and (17).

It is concluded that the theoretical curves give a good
description of the actual behavior of flanges and webs.

Some typical examples of wide-flange specimens affer test-

ing are shown in Fig.22. Specimen D6 failed by web buckling after

- oo 2 N G 0 OIS G G0 OD M DO D N e =D GD B G0 G N0 ©F 6 R GU S G0 € ON o 0 S6 TR S OO0 S 0T G0 g S0 gm0 5 TR eo DO O6 te S0 e e W G0 om G we W0 OO e G e e

“The theoretical curves are taken from Reference 3.
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just reaching the yield point stress. The yieided material is
concentrated at the top of the specimen. Simultaneous web and
flange buckling caused specimen D2 to fail after just being comp-
letely strain-hardened while specimen D5 failed by flange buckling
in the strain-hardening range. Of the bending specimens B2 and

B6 failed because of flange buckling but Bl buckled laterally

without developing a flange buckle,

L.l Summary of Test Results

All test results are summarized in Fig.23 showing Ocr/oo
as a function of the dimensionless parameter x. The figure clearly
illustrates the difference in the behavior of columns, flanges and
webs. The values of ® for which the sfrain~hardening range can be
reached are confirmed by the test results and can be taken as

follows:

]

" Column Buckling &g = 0.17

it

Flange Buckling O, = 0.4b
0.58

I

Web Buckling &
For flanges and webs, the shape of the transition curves
(the plotted curves correspond to the mgximum value of the ex;
ponent n, Equation(27D should be considered as reasonable inter-
"polations in the absence of sufficient test results in this part-
icular region. Concerning the transition curve for the columns

considerable experimental and theoretical data are available.(s)



205E.9 | . : -25

5. RECOMMENDATIONS FOR THE GEOMETRY OF

WIDE~FLANGE SHAPES IN PLASTIC DESIGN

5.1 Flanges

The following recommendations are directly basgé on the
above presented theoretical and experimental investigation,
Flanges of WFAshapes can be strained into the strain-hardening
range if ®«<0.46. In general this is a sufficient requirement
for the development of plastic hinges. Furthermore, buckling is
then not accompanied by a sudden drop of.the load (see results
of tests A31-32-33, D2 and B2 in Figs.13, 16 and 17 respectively).
Consequently the foliowing recommendation can be given:

- The ratio‘of the outstanding width to the thick-
ness of flanges, b/t, shall not e%ceed»the follow-
ing values depending on the value of the yield
stress, 04t

for o, = 33 ksi : b/t < 8.7, and

for 0, = 36 ksi : b/t < 8.3,

5.2 Webs
(a) Uniformly Compressed Webs:

The results of compression tests on WF shapes failing by
web buckling showed that for «=0.77 (Test Dé) the yield gtress
can just be reached and for &=0.57 (Test D2) the section can be
uniformly compressed up to the strain-hardening range.. For a
section subjected to an axlal load only, the first attainment'of the_
yield stress 1is generally a sufficient requirement. In this case,

therefore, the following recommendation can be given:
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If a section is subjected to an axial load
only, the ratio of the distance between the
. center planes of the flanges over the thick-

ness of the web,d/t,shall not exceed the follow-

ing values depending on the magnitude of the
yield stress 0,:

for 0o = 33 a/t = L, and

for o, = 36 : d/t = L2,

(b) Webs in Compression and Bending:

. | WF-Members subjected to ‘axial load P and bending moment M
may be required to deform plastically. Obviously the critical
depth/thickness ratio,d/t,depends not only on the stress distribu-
tion but also on‘the required maximum strain &, of the compression
flange. Curves relating the critical d/t to the stress distribu-
tion (parameter P/0oAy;) and a given maximum strain (parameter
Em/Ef).were derived in Chapter 3.l and are shown in Fig.8. Based
.on these results the following-recommendation is made:

If a WF section is subjected to axial load and

benaing moment the d/t ratio shall not exceed |

the values given in Fig.8. Except in cases

requiring large rotations the curve for Em/Ef=u

can be used,

K Values of d/t for a yield stress Oy different from 33 ksi may be

obtained by multiplying t@e ratio by v.33 ksi/OO: Ffom the curves
of Fig.8 three specific examples of P/Po-vs.-allowable d/t ratios
were investigated and are shown in Fig.2k. Itlcan be seen that

the 127R11.8 section, for exémple, is not recommended for use in
plastic design, the 12Bll section can be used if'P/PO<{0,08 and the

36WF108 if P/Po < 0.135.
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6. SUMMARY

Contrarily to commonly accepted opinions columns and
plates of structural steel can be compressed beyond the yield
8stress level and even into the strain-hardening range, provided
certain geometric conditions are met. After shortly discussing
the diSédntinuous yielding process of structurgi steel the
values of thesé geometric conditions as slenderness ratio €é/r
for columns and,width-thickness ratio for plates are derived
theoretically. The interesting observation is made that plates
are reaching the strain-hardening range with a relatively smaller
reduction in the d/t—ratio than the corresponding reduction in

Z/r for columns, |

The findings are substantiated by a series of tests on
rectangular bars in-axial.compression, on angles and WF sections
in compression and WF members in bending.

The results are used to specify the geometric cross-
section proportions of WF beams such thét these membersvmay
develop large plastic deformations without locai buckling and
a consequent fall-off in load. These later requirements are

essential for a successful application of Plastic Design Methods.
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9. NOMENCLATURE

area
area of web

width of plate with one free edge

—Ex
'|-9x \)y

—Ey

I= Vx \’y

Yy Dy

Yx Dy
width of plate supported along all four edges
modulus of elasticity

strain-hardening modulus
reduced modulus
secant modulus

tangent modulus

tangent modulus in x-direction

‘tangent modulus in y-direction

modulus of elasticity in shear

tangent modulus in shear

moment of inertia

coefficient in Equation (18)

plate buckling coefficient

length of column and WF compréssion specimen
length of WF specimen subjected to pure.bénding
effective length of column

half-wave length of buckled shape

bending moment
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bending‘moment per unit width of plate in x-direction
bending moment per unit width of plate in y-direction

exponent in Equation (18)

exponent in Equation (26)

maximum value of n defined by Equation (27)
axial load

OoA = yield load

radius of gyration

plate thickness

coordinate

coordinate

distance between neutral axis and compressioﬁ flange
rlate deflection

dimensionless coefficient defined by Eq.(2L) and Eq. (25)
value of & at point of strain-hardening

coefficient of restraint

shearing strain

normal strain

average strain

critical strain

yield strain

maximum strain of compression flange

strain at beginning of strain;hardening

coefficient defermining extent of yielding

angle of lateral rotation
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Poissonts ratio

coefficient of dilatation for stress increment in
x-direction

coefficient of dilatation for stress increment in
y-direction

normal stress

critical (buckling) stress

elastic buckling stress

stress corresponding to 1limit of validity of
elastic solution

yield stress

residual stress

reduced-modulus stress

tangent-modulus stress

shear stress

E4/E

edge moment per_unit length to produce unit rotation

of edge
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Comparison of Moduli as Predicted by Different Theories
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TABLE 2

Dimensions of Short Columns

b T L L
Specimen| in. | in, | in. |€/r= 53

c2 |o.745|0.5LL| 2.80 8.9
C3 0.745] 0,543 | 3.20 | 10.2
ch O0.745[0.543 | 3.65 | 11.6
- C5 0.745] 0.545 | 4. 33 13.9
c6 |o.7u5|0.545] 4.80 | 15.3
c7 {o.730l0.527| 5.65 | 18.9
c8  |0.750{0.527| 6.90 | 23.4

b = width
t = thickness
‘length of specimen

N
H

/r = %—I—, effective slenderness ratio (test

conditions simulate fixed ends)

r = = radius of gyration

t
iz
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TABLE 3

Dimensions of Angle Specimens

Specimen heggrh) Mg | Thicmess b/t | 28/b | Material
(in) (in) . (in) |
a-21 | 25.0 | m87 | " 0.383 |12.70| soay | asmm
A-22 25.0 | L.79 0.381 | 12.60| 5.21 A-7
A-31 17.9 | 3.27 0.370 8.85| 5.48 Ann-
A-32 17.9 | 3.28 0.374 8.79| 5.46 ealed
A-bl | 12,5 | 2.31 | 0.377 |. 6.13| 5. |
A-L2 12.5 | 2.3k 0.371 6.36 5.35
A-33 17.5 | 3.30 | 0.378 8.73] 5.30 ASTM
A-21 21.2 | L.o7 0.380 | 10.70| 5.21 A-T
| delivered

-35
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TABLE

Results of Angle Coupon Testé

- Yield |Strain at Strain. Type of
Coupon|Material | Stress |Strain- hardening Loading
O, kgi |hardening Modulus
Eox10° Eq ksi
c1 N 37.6 14.3 906 compression
cz2 | Ann- 35.1 C14.6 845 "
T1 ealed 36.8 18.5 903 tension
T2 |4 38.2 20.0° 869 "
T3 LﬁAs- Lo.2 9.5 877 "
) Tl elivered| 39.9 15.6 1,160 "

A1l coupons tested in Baldwin 60,000 1lb, Hydraulic

Machine.

Valve opening corresponding to testing

speed of 1 micro~in/in per second in the elastic

range.

-36
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Results of Angle Tests

TABLE

= 3

Test k:g : ECr »10° Egﬁ' gzgilgig
A-22 - 3.0 32.2 torsional
A-31 | 34.9 16.5 35.8 torsional
A-32 | 3L4.6 16.5 35.6 torsional
A-41 | 35.3 -- -- bending

A-L2 | 34.1 - - bending

A-33 | 41.3 16.0 hé.l torsional
A-51 | L1.0 6.0 h1.2 torsional

=37



TABLE 6.

Dimensions of WF Specimens

the section about the strong axis)

2b = width of flange

te = thickness of flange

d = distance between center planes of flanges

ty = thickness of web

L = length of compression specimen

A 7 T T Er T a o 2

Specimen| Shape | in® in® | “in~™ \iﬁ in in in %n. b/tr |d/ty
Bl ,Dl |1O0WF33 | 9.66 | 38.56| 7.95| 0.429| 9.37 |0.294 [ 32 |32 | 9.2 | 31.9
B2, D2 | BWF2l | 6.83]22.56| 6.55| 0.383] 7.63 |0.236 |26 |26 | 8.6 | 32.3
B3, D3 |10WF39 [11.34 | 45.63| 8.02 | 0.512| 9.37 |0.328 [32 [32 | 7.8 | 28.6
By, Dj |12WF50 |14.25] 70.28| 8.18 | 0.620|11.57 |0.351 [32 |32 | 6.6 | 33.0
B5, D5 | 8WF35 |10.00 | 33.68| 8.08 | 0.476| 7.65 |0.308 [32 |32 | 8.5 | 2L.8
B6 D6 |1owF2l | 5.84 | 22.45| 5.77 | 0.318] 9.56 |0.232 {23 {26 | 9.1 | LO.9

A = agrea of cross-section

Z = plastic section modulus (twice the static moment of haglf

L™ = length of part of bending specimen sub jected to pure bending

6°8502

gt-



TABLE" 7

Results of Coupon Tests

Sedtion

Coupon Buckling Loca~=- Yield Strain at Straine
Tests .tion Stress | Strain- hardening Type of
(see oyksi | hardening | Modulus Loading
sketch) Eg£x10° Egt ksi .
T6 1 35.5 16.5 . 675 tension
T ' R . ' . i
7 LOWF33 B1-D1 5 35,0 1.7 _ 750 tension
C1l 2 L0.0 1.5 855 compression
C1ls5 6 37.0 13.8 805 . compression
T21 1 35.0 18.4 530 tension
T22 8WF2l B2=D2 2 .35.6 18.0" 600 tension
T23 - 3 36.3 19.3 470 tension
731 1 35,6 1., 3 525 tension
T32 | 10WF39 B3=D3 2 36.8 18.9 580 tension-
T33 - : - -3 37.8 16,3 580 - tension
Tal 1 37.1 18,0 500 tension
Th2 | 12WF50 BL=Dl 2 36.9 18.1 530 tension
T 3 - - 3 39.4 15.9 580 ﬁension
T51 o1 37.6 16.9 560 tension
TS2 | BWF3S B5-D5 2 37.3 | 1.6 165 tension
T53 ‘ S 3 39.9 19.6 600 tension
T61 1 38.0 20,8 520 tension
T62 10WF21 B6~D6 - 2 3.2 23.1 570 ) ‘tension
' ' ' 3 Ll .2 23.6 490 tension

T63

6502

Location of

Coupons
All coupons
tested in
Baldwin ~
60,000 1b.
Hydraulic
Machine,

Valveée open-=
ing corres=
ponding to
testing
speed of 1
micro=in/in
per sec, in
the elastic
range.

6¢-



TABLE 8

Results of WF Tests

‘Test |6sksi Eer - 10° %r ksi - |Flange | Web Type of
Flange Web |Flange | Wweb |.€/b ¢/d Buckling
D1 g 8.5 8.5 73A,2 3h.27 1.8 0.56 flange
D2 3.0 | 13.5 12,7 3.0 | 3.0} 1.5 0.50 flange & web
D3 35.2 | 19.0 19.0 39.0 | 39.0{ 1.5 0.4 flange
Dl 35,0 18,5A 5.0 3.8 | 35.41 1.5 0.55 web
DS 36,6 | 17.0 17.0 38,0 38,0 2,1 0.56 flange
D6 | 38.0 | L.3 1.6 33.8 37.2| -- 0.54 web
Bl - 7.0 - - - | 2.4 - flange
B2 - 23,0 - - - 2.0 - flange & lateral
B} - 22,5 - - - | 2.2 - flange & lateral
Bu - 29.0 - - - - - lateral
B5 - 22,0 - - - | 2.0 - flange & lateral
B6 - 1.0 - - - | 2.4 - flange & lateral

6°8S02

ofr-
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Fig.3 Plate with one free edge
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Fig. 9. Short Column Test

Fig. 10

Angle Test
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Fig. 2la Wide-Flange Compression Test (D3)

Fig. 2Ib Wide Flange Bending Test (BI)
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Fig. 22 Typical Examples of Wide-Flange Specimens After Testing
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