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ABSTRACT

The elastic and inelastic local buckling and elas-
tic postbuckling behavior of unstiffened elements in
cold-formed steel members and their effects on bending
of beams and overall flexural buckling of columns have
been investigated.

An analytical investigation of the elastic and
inelastic local buckling and the elastic postbuckling
behavior of unstiffened elements with an elastic rota-
tional edge restraint has been carried out. Results
of experiments on short columns, long columns and beams
are presented and compared with the analytical solution.

An effective width equation for the elastic post-
buckling range of the unstiffened element behavior has
been derived by modifying the analytical solution.to
include the effects of initial imperfections, as indi-
cated by test results. An empirical effective width
equation, having a format similar to the AISTI effective
width equation for stiffened elements, has also been pre-
sented. An equation for the inelastic compressive strain
capacity of unstiffened element has been derived.

On the basis of the equations derived, methods for
calculating the strength of cold-formed beams and columns
with unstiffened compression elements subject to local

buckling, are presented.

xvii






Chapter I

INTRODUCTION

1.1 General

Intensive theoretical and experimental investigations
have led to recognition of modes of failure of structures
and better understanding of factors governing such fail-
ures. On the other hand, recent advances in the area of
reliability and probability have led to more accurate
definition of loads, load factors and under strength fac-
tors. Developments in these two areas have brought about
a change in design philosophy in the last few decades
which has led to the replacement of time honored allowable
stress design method by design based on ultimate strength
of structures. Although other factors such as deflection
and distortion of sections in the range of operating load
may sometimes govern the design, the ultimate strength is
the most commonly encountered design criterion.

Common modes of failure associated with steel struc-
tures are: (1) instability; (2) ductile fracture;

(3) brittle fracture and (4) fatigue. Among these, in-
stability is often the cause of failure of steel structures.
The collapse may be either due to overall buckling of a
member in a structure or a consequence of local buckling

of some element in a member.

1



Local buckling of elements in a member takes place

when the elements are very thin, as in cold-formed mem~

bers, and are subject to compressiveybending or shear

gstresses,

1.1.1 Cold-Formed Structural Steel Members

Cold-formed structural steel members are fabricated
either by cold rolling or press braking steel sheets to the
desired shape. The forming process introduces strain
hardening at the points of bending and the extent of the

strain hardening depends upon the radius of the bend and

the thickness of the material. The region of cold work is

more localized in the process of press braking than in

the cold rolling., 1In contrast, hot rolled members are

subject to residual stress as a result of differential
cooling and cold straightening.

Hot rolled steel members are commonly proportioned so
that they do not buckle locally before the yield stress
is reached. 1In fact, in most cases, elements are stocky
enough even to undergo sufficient plastic strain leading
to the overall failure of the structure by the formation
of the collapse mechanism, or overall buckling of the com-
pression member. The Manual of Steel Construction(l)*

serves as a guide for the design of such hot rolled steel

*Superscripts designate the entries in the list of ref-
erences.,



members.

Economic considerations often dictate the use of
light gage steel members in structures covering a large
area and subject to light loads. 1In contrast to hot
rolled members, the cold forming process allows practi-
cally unlimited width to thickness ratio. Consequently,
thin elements of cold-formed members may undergo local
buckling before the ultimate load, thus decreasing the
strength appreciably. This represents the primary
difference between cold-formed and hot rolled steel mem-
bers. The Specification for the Design of Cold-Formed
Steel Structural Members2 provides guidelines for the
design of light gage steel members.

Generally the cold-formed sections used in practice
are open in form, though closed tubular sections can be
roll-formed or made up by joining two open sections.
Fig. 1.1 shows some of the commonly encountered cold-
formed structural shapes. It can be seen that the sections
are composed of two typical types of elements:

(1) Stiffened elements having two edges parallel to the
longitudinal axis of the member supported against trans-
lation normal to the plane and elastically restrained
against rotation by the adjoining elements.

(2) Unstiffened elements having one edge parallel to the

longitudinal axis of the member supported against trans-



lation normal to the plane and elastically restrained
against rotation by the adjoining element and the other
parallel edge is completely free to translate and ro-
tate.

In the next few sections the elastic and inelastic
buckling and postbuckling behavior of unstiffened ele-
ments and their effect on member behavior will be studied
qualitatively. In the process, a brief review of other

jnvestigators work in this area will be presented.

1.2 Behavior of Unstiffened Element Under Compression

1.2.1 Local Buckling of Unstiffened Element

The history of the stability of plates under com~-

pression goes back to 1891, when Bryan3 presented an

analysis for the buckling load of a rectangular plate

simply supported on all four sides and subject to uniform

compressive stress in one direction, using the energy

method. Subsequently, though many investigators studied

the problem of plate buckling, credit for the most exten-
sive treatment of the buckling of plates with various

boundary conditions belongs to Timoshenkoa who used the

energy method to study the local instability of plates
The unstiffened compression element of a member can

be idealized as shown in Fig. 1.2 with one unloaded ed
edge

simply supported and elastically restrained against
ro-



tation and the other edge fully free. 1If the plate is

perfectly flat to begin with, it remains flat until the
compressive stress equals critical buckling stress, be-
yond which it deflects normal to the plane and buckles

into waves. Using the small deflection equation of the
equilibrium of plates, buckling stress Ocr is given by

the equation;

K w2 E
cr 12(1-p2) (w/t)2 (1.2.1a)

where E is the Young's modulus, i the poisson's ratio,
w flat width of the element and t the thickness. The
buckling coefficient K depends upon the edge rotational
restraint, the type of loading and aspect ratio of the
plate (ratio of length of the plate L to width of the
plate w). Lundquist5 has computed the variation of buck-
ling coefficient K of unstiffened elements subject to
uniform compression for various values of the rotational
edge restraint and aspect ratio. The buckling coeffici-
ent K of long plates (high aspect ratio) is independent of
the aspect ratio and depends only on the rotational edge
restraint, varying from 0.425 for the hinged edge condi-
tion to 1.277 for the fixed edge condition.

Contrary to the column and shell postbuckling be-
havior, the local buckling of plates does not mean the end
of the useful strength of the plates. The buckled config-

uration of a plate is stable due to the stabilizing in-



plane tensile and shear stresses induced. The postbuck-
ling behavior can be investigated analytically by using
the large deflection equations of Von Karman. Curve 0A
(fig. 1.3) shows the stable postbuckling range where the
increase in the amplitude of buckling waves is accom-
panied by an increase in the applied compressive stress.
The compre;sive stress can be increased in the post-
buckling range until yielding occurs in some region of the

buckled plate which initiates load shedding, and the
ultimate strength of the plate depends on the yield stress
of the material. Since the local buckling stress in-
creases as the flat width to thickness ratio (w/t) de-

creases, for smaller values of the w/t ratio yielding may

take place before the element buckles locally. Local

buckling of the unstiffened element in the inelastic

range will be treated in section 1.2.4.

The bifurcation type of buckling, which is a term

used to describe the sudden out of plane deformation ex-

perienced at critical stress, is encountered only in the

case of an ideally flat plate. Actual plates have initial

imperfections and the out of Plane deformation starts to
increase gradually even before the buckling stregg is

reached and near the critical state, the out of plane d
e_

formation increases at a faster rate. Thig type of behavi
vior

can be analyzed by using the large deflection equations

The cu 'A!
rve 0'A' in fig. 1.3 shows the typical load deflec~-



tion behavior of a real plate. It can be seen that the
difference in behavior between the real and ideal plate
is most pronounced near the critical range.

So far, the local buckling of the unstiffened element
has been studied without any reference to supporting
elements. In an actual structure, the unstiffened element
appears as a part of a member. Hence, the rotational edge
restraint of the unstiffened element depends on the length
of the buckling waves, the compressive stress on the
supporting element and the stiffness of the supporting

element. Many investigators 6,7,8,9

have presented analy-
tical procedures, charts and tables for calculating the
local buckling coefficient of unstiffened elements in

different members. Some of these are more difficult to use

than others in routine design applications.

1.2.2 Postbuckling Behavior

It was observed that even after the local buckling
plate elements can sustain additional load, with increas-
ing out of plane deformation, before failure. Consequent-
ly, all the design procedures based on strength take into
consideration this postbuckling behavior.

In an ideally flat unstiffened element, compressive
stress 1s uniformally distributed until the local buckling

takes place. After this, there is a redistribution of



stress over the width of the plate with the stress near
the supported edge being higher than that at the free
edge. The wave length of buckles tend to become shorter,
and more and more stress is redistributed towards the
supported edge as the compressive stress is increased.
The stress distribution in a typical unstiffened ele-
ment after local buckling is shown in fig. 1.4. It has
been observed that the failure of the element takes place
when the compressive stress at the supported edge of the
element (which is the maximum membrane compressive stress
over the width) reaches the yleld stress of the material.
In a real plate, because of initial imperfections, the

redistribution of stress takes place as the loading

progresses even before the critical stress is reached.

However, the difference between an ideally flat element and

a real element with initial imperfections isg very little

in the advanced stages of the Postbuckling range

For design Purposes, the non-uniform stress distribu-

tion over the width of the plate in the Postbuckling range

is idealized in two ways (fig. 1.4):

1) Effective width method: In thig design idealiza-



2) Average or effective stress method: In this de-
sign idealization, an equivalent average stress is dis-
tributed over the entire width (w) of the plate, so that
the total load carried by the plate is equal to the
actual load on the buckled plate.

The effective width method is more popular of the two
idealizations and is used extensively due to certain in-
herent advantages. Hence, only effective width formula-
tion will be presented in this investigation.

The first use of effective width representing the
postbuckling behavior of the stiffened element was pre-
sented by Von Karman.lO The approximate equation pre-

sented by him can be written in the form:

be/w = /ocr/oe nax (1.2.1)

where be is the effective width, w is the total width,
Ocr is the local buckling stress and Oe max is the maxi-
mum stress at the supported edges. Many other formulae
for the effective width of a variety of plate elements
have Been proposed by others and tabulated by Gerard.11
All these equations are for ideally flat plates and are
applicable directly to real plates with initial imperfec-
tions only in the advanced stages of postbuckling. How-

ever, as already mentioned, in real plates the effective



10

width begins to decrease even before the buckling stress

12,13
is reached, because of initial imperfections. Winter, ’
on the basis of experimental investigation, modified

Karman's equation to take into account effects of initial

imperfections. Winter's equations can be written asl4

b /v = Vo /0, nax Q- 22/ o, m"'ax) (1.2.2)
by/w = 1. 19/ Ty nax & - O 3/0 cr/% max) (1.2.3)

Eqn. 1.2.2 is the effective width equation for the

stiffened elements and eqn. 1.2.3 is for the unstiffened

elements. Even though the effective width equation for
unstiffened elements has been available for some time now
3

its use has been limited because of the lack of

exten-
sive experiemental investigation to support the validity
of the equation and the fear of excessive cross section

distortion in the postbuckling range.

There have been many analytical investiga-

15,16,17,18,19
tions 1T of the postbuckling behavior of

stiffened elements. All the investigators assume a de-

flected wave form and determine the amplitude by so
me

approximation procedure. The author is not aware £
of any

analytical investigation of the postbuckling behavi f
vior o

unstiffened elements. A more detailed survey of the
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The crippling strength of plates in edge compression
can be obtained by substituting the yield stress (oy)
for the maximum stress at the supported edge (oe max).

This condition is sufficiently accurate for thin plates wit]
(Oy/ccr)zl.5<31). For plates buckling near the yield
stress, strain at the supported edge at the ultimate load
is usually larger than the yield strain, though this does
not ihcrease the strength appreciably in the case of
elastic plastic materials.

Objection has been raised by many17’19

to using the
same effective width equation for both the ultimate and
subultimate ranges of the postbuckling behavior. The

argument has been:19

"Stiffness of a plate in compression
at subultimate load is a function of end shortening of
the plate, which is an integrated effect along the length

of the plate. Collapse, however, at » is a

Te max=0y
local phenomenon." Given the fact that (1) there is
usually scatter in the postbuckling range due to the
statistical nature of initial imperfections, and (2) sub-
ultimate stiffness is usually used in the computation of
quantities involving many inherent approximations (de-
flection and stiffness of flexural members, and stiffness
of axlially loaded columns); it seems reasonable to use the
effective width equation corresponding to the ultimate

load for the computation of subultimate stiffness also,

thus obtaining a conservative estimate of the subultimate
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stiffness.

1.2.3 Local Buckling in the Inelastic Range

So far, the discussion has centered around slender
plates which experience elastic postbuckling. As the
width to the thickness ratio (w/t) of an element de-~
creases, the theoretical elastic buckling stress in-
creases as given by the eqn., 1.2.1. Below a limiting
value of the flat width to thickness ratio (w/t)11 the
theoretical buckling stress of a flat plate is larger
than the yield stress. This limiting value can be
found by substituting the yield stress (oy) for the

local buckling stress (Ocr) and solving for (w/t) ratio.

fro—

2
-2 _Q-u) ey

A perfectly flat plate having a width to thickness ratio

less than or equal to the limiting ratio given by

eqn. 1.2.4 will not buckle locally and remains fully

effective to resist uniform compression until the yield

stress 1s reached. However, for a real plate the limit-

ing ratio will be smaller than that given by eqn. 1.2.4
L] LY - ,

because initial imperfections and non-linearity of the

stress strain relationship near the yield stress tend to

reduce the effective width even before the loecal buckling

stress is reached.
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Ros and Eichinger,20 Bijlaard,21 and Ilyushin22
have formulated ratiomal theory of the stability of plates
beyond the elastic limit, based on modern failure theories.
Bijlaard's theory seems to show good agreement with the
test results. Stowell23 using Ilyushin's general modi-
fication of Bijlaard's theory succeeded in developing a
Unified Theory of Plastic Buckling of Columns and Plates.
He has derived expressions for the plasticity index n
which when multiplied by the elastic local buckling
stress (ocr)e yields the inelastic buckling stress for

elements with different boundary conditions.
(Oepdp = N (Ogpde (1.2.5)

In this equation, (Ucr)p and (ccr)e correspond to plastic
24

and elastic buckling stress respectively. Stowell also
has presented a procedure for computing the plastic local
buckling stress of assembly of plates.

Bleich25 has derived a semiempirical theory for the
plastic buckling, which takes into account the direction-
al dependence of the elastic plastic characteristics of
a plate compressed into the plastic range. An analysis of
plates buckling in the strain hardening range is pre-

sented by Haaijer26’27

using general expression for the
buckling strength and assuming the material to have be-

come orthogonally isotropic.
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1t has been suggested28’29’30 that the postbuckling
behavior in the inelastic range can be approximately
dealth with by using strains instead of stresseées in the
effective width equations. Assuming the rigid-plastic
material behavior and a geometry of plastic mechanism,
Walker and Murray31 have arrived at the postbuckling
stiffness in the plastic range of a plate assembly using

pumerical minimization.

1.2.4 Effect of Local Buckling on Structural Members

In preceeding sections, buckling and postbuckling
behavior of the unstiffened compression elements was
briefly discussed without any reference to the implica-

tions of local buckling of elements on the behavior of

members. In practice, structural members are made up of

an assembly of plates. Behavior of such members subject

to compression and/or bending is influenced by the local

buckling of the component plates. 1In this section, a
?

review of the effect of local buckling of component

plate elements on the member behavior and a survey of work

done by other investigators in this area is presented.
Cold~-formed steel columns often consist of stiffened

and unstiffened elements which undergo local buckling.

If the slenderness ratio of such a column is high, then

the column may buckle before the local buckling of ¢
om~
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ponent plates. However, in the case of columns not
having a high slenderness ratio, the component plates may
buckle locally before the overall buckling of the column.
Since local buckling of elements does not mean the end
of their load carrying capacity, columns can be subject to
additional compression even after local buckling of com-
ponent plates. The failure of short columns is initiated
by the crippling of the component plates buckling lo-
cally, and intermediate columns fail by overall buckling
after the local buckling of the component plates. The
réduction in the stiffness of the component plates due to
local buckling decreases the stiffness of the column, and
hence reduces the buckling load. The effect of initial
imperfections tend to reduce the effective stiffness of
the component plates even before local buckling, compli-
cating the problem further.

Bijlaard26 was one of cthe earliest investigators to
study the buckling strength of columns in the postbuck-
ling range of the component plates. Other investiga-

torB14,27,28,29,31,32

have presented analytical, empirical
and approximate solutions for the interaction of the over-
all buckling of columns of various shapes and local buckling
of component plates. In most of these works,14’29’30’32

either the change in the slenderness ratio or the effec-
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tive modulus obtained from effoctive width equations is
considered in the column buckling equation. These meth-
ods involve tedious numerical procedures, unless simpli-
fying assumptions are made.

In flexural members, i{f the compression flanges are
thin plates, they may buckle locally before the member
fails. The member behaves linearly until the compression

flange effective width begins to reduce. An increase in

the applied load beyond this is accompanied by a decrease

in the effective width and a shifting of the neutral axis

toward the tension flange. In the postbuckling range,

the behavior becomes nonlinear, because the effective
width depends upon the stress at the supported edge and

this stress depends upon the section modulus and hence on

the effective width. A decrease in the effective width

due to local buckling also reduces the lateral buckling

resistance of the compression flange. In the moment grad-

ient region of a beam with a compression flange in the

postbuckling range, the effective width of the compression

flange and hence the moment of inertia of the member

varies from section to section. This introduces additional

complex
P ity to the analysis of indeterminate structures

it
with locally buckling elements. The local buckling of the

co
mpression elements in the inelastic range introduces lim-

itat
ions on the inelastic rotation capacity of members
’
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thus hindering the complete redistribution of moments as
assumed in plastic design.

Many investigators have analyzed inelastic buckling
of compression elements in flexural members. Lay and

33,34 have studied the inelastic behavior of wide

Galambos
flange beams under uniform moment and moment gradient.
Many experimental investigations have been carried out to

35,36,37. The

study the inelastic behavior of beams
effect of the elastic local buckling of both stiffened and
unstiffened compression elements on the flexural strength
of beams has also been studied extensivelylo’lz’38’39’40,
where some form of the effective width equation is used to
compute the section properties in the postbuckling range.
The ultimate load is computed using the effective width,

assuming that failure takes place when the stress at the

supported edge reaches the yield stress.

1.3 Purpose of the Investigation

The purpose of this Investigation 1is to study the
elastic and inelastic local buckling and postbuckling be-
havior of unstiffened elements and the effect of this
local buckling on the overall buckling of columns and
bending of beams.

At this stage, it is appropriate to look at the
American Iron and Steel Institute guidelines for the de-

sign of unstiffened element as outlined in the Specifica-
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tion for the Design of Cold-Formed Steel Structural
Membera.2 Allowable stresses for various values of the
flat width to thickness ratio (w/t) of unstiffened ele-
ments are arrived at by using 2 sufficient factor of
safety to limiting stresses. The limiting and allowable
stresses are shown in Fig. 1.5. Curve C is the buckling
stress of the unstiffened elements obtained by conserva-

tively assuming the value of the buckling coefficient K

to be 0.5. If compression elements are perfectly flat

and if the material has a sharp yield point, the horizon-

tal line A drawn at the yield stress will be the upper

limit of the local buckling stress of the element. How-

ever, real unstiffened compression elements are rarely
ideally flat and the material may not have a sharp yield

point either as a result of the sheet forming process or

the cold-forming process of the section. These tend to

lower the local buckling stress for elements having the

theoretical buckling stress around yield stress. Line B

corresponds to the limiting value of the buckling stress

in this range of w/t ratio. The upper and lower limits

the line B a
re set at 144/¢0y and 63.3/\/0y respectively,

based on test results. Curve D represents the postbuck-~

ling strength of the material when the local buckling takes

place elastically. The postbuckling reserve, indicated

by the difference between curve C and D, becomes larger

with the increase in w/t ratio. Allowable stress for d
e—.
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sign 1s obtained from the limiting value, using a factor
of safety of 1.67 with the exception of the region where
elastic buckling takes place. 1In the case of angle sec-
tions under compression, which have the lowest buckling
coefficient and deform considerably in the postbuckling
range, the design value is obtained using a factor of
safety of 1.67 to curve C. For other unstiffened ele-
ments in other sections allowable stress is given by
line d with the postbuckling strength providing a factor
of safety from 1.67 to as high as 4.0.

This type of allowable stress approach has been
followed for unstiffened elements because of the lack of
sufficient experimental evidence supporting an effective
width equation for the postbuckling range and a concern
about excessive distortion in the working range due to
local buckling. It should, however, be mentioned that
the idea of an effective width equation for unstiffened
elements is not something new. As already pointed out in
section 1.2.2, some investigators have already proposed
effective width equations for unstiffened elements, and
some of these equations are for stainless steel elements.
One of the main objectives of this investigation has been
to study unstiffened compression elements systematically
in order to develop an effective width equation and get

an idea about the out of plane deformation in the post-



buckling range.

For low values of w/t ratio of unstiffened elements,
the buckling stress is nearly equal to the yield stress.
However, the compressive strain at the local buckling 1is
usually larger than the yield strain and the value of the
compressive strain at local buckling increases with a de-
crease in the w/t ratio. This inelastic strain capacity

of compression elements having a low w/t ratio could be

used to take advantage of the section plastification and
the moment redistribution in indeterminate structures.
The determination of this inelastic strain capacity of

unstiffened elements has been another objective of this

investigation.

1.4 Scope of the Investigation

1.4.1 Desired Information

Based on the objectives specified in the last section,

the following information is desired for the unstiffened

compression elements.

1) Method of determining the local buckling stress.

2) Effective width equation for the postbuckling
range.

3) Out of plane deformation in the postbuckling
range.

4)

Limiting value of the flat width to thickness

ratio (w/t) below which the unstiffened com-
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pression element remains fully effective until
the yield stress is reached.

5) 1Inelastic strain capacity of compression elements
having a w/t ratio less than the limiting value
of the w/t ratio.

6) Effect of local buckling of unstiffened elements
on the overall buckling of columns.

7) Effect of local buckling of unstiffened com-

pression flanges on the bending of beams.

1l.4. Analytical and Experimental Investigations

In contrast to the hot rolled sections where pre-
designed shapes are selected, the light gage steel design
presents a wide range of shapes and dimensions to choose
from. This versatility in design, however, requires that
one understand the behavior of elements forming a member,
in order to be able to design members for any type of
loading condition. A good understanding of the behavior
of an element can be best obtained by completely isolating
the element and studying it exactly under the same boundary
conditions as one expects to use it. However, it is often
difficult to simulate such boundary conditions exactly in
an isolated environment. Sometimes it is even difficult
to know the nature of the boundary condition that is im-
posed on an element in a member. Hence, the best method

of studying the behavior of unstiffened elements under
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these constraints is to test a member, the behavior of
which is affected only by the local buckling of component
unstiffened elements under axial compression. This reason-
ing led to the experimental investigation using stub columns
with the unstiffened elements in compression, Having ob-~
tained the information about the element behavior from such
tests, it is then logical to study members, such as beams
and columns, which are encountered in practical structures.
This will result in an understanding of the effect of the
local buckling of component elements on the behavior of
members in a structure, and thus the behavior of the struc-

ture itsgelf.

This investigation has been planned with this basic

philosophy in mind. An analytical investigation of the

buckling and postbuckling behavior of the unstiffened ele-

ments was carried out to understand the influence of

various parameters. The following specimens were tested

in order to obtain the experimental information about the

element and member behavior.

1) Ten stub columns with five different values of
w/t ratio of unstiffened elements in compression
in order to understand the element behavior.

2)

Three long columns of different lengths corres-
ponding to each of the five stubd column sections

to study the effect of local buckling on the

flexural buckling of columns.
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3) Eighteen beams with unstiffened elements in com-
pression, to study the elastic and inelastic 1local
buckling behavior of compression elements and

their effect on flexural members.

1.5 Summary

A brief description of unstiffened compression ele-
ments as encountered in cold-formed structural applica-
tions was presented. Following this, the behavior of un-
stiffened compression elements and members with unstiff-
ened compression elements was discussed qualitatively.
Existing literatures in the area were also briefly re-
viewed. Subsequently, the objective and scope of the in-

vestigation were enumerated.



Chapter 2

ANALYTICAL INVESTIGATION

2.1 Review of Analytical Methods
Lot

Analytical investigation of the stability of plates

and shells are difficult, especially as encountered in

practice with complex boundary conditions. The stability

of unstiffened compression elements, governed by the

small deflection equation of plates subject to com-

pression, has been solved by Timoshenko4 using the energy

method. Closed form solutions for the two simple

boundary conditions of hinged and fixed supported edge
are available. However, when an exact solution to the

stability of unstiffened elements with elastic rotational
restraint at the supported edge is attempted, a trans-

cedental equation not lending itself to a closed form

solution is encountered. An approximate solution to this
problem has been proposed in “closed" form. Local

buckling in the inelastic range is affected by the non-
isotrophy of the material after yielding.

This problem
has been investigated by many researcher521,22,23,25
An

analytical solution of the postbuckling behavior
becomes even more involved.

The postbuckling behavior of
a plate, subject to compression,

1s governed by two

24
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partial differential equations of the fourth order,

which were originally proposed by Von Karman. Analyti-
cal solutions for the postbuckling behavior of stiffened
elements, by assuming an approximate deflected shape,
have been proposed16’l7’18’19’46. Although a similar
procedure can be used to analyze the postbuckling be-
havior of unstiffened elements, there is no such solu-
tion to the author's knowledge. Investigations of the
postbuckling behavior of plates also have been attempted
through numerical methods, such as finite element and
finite difference, using plate bending elements or
equations. These solutions are too tedious to use in a
design office situation and do not yield a closed form
solution. Most of the equations used in the design of
thin elements having postbuckling strength are semi-
empirical in nature, and'are based on experimental re-
sults. In the following sections, an analytical investi-
gation of elastic buckling, inelastic buckling, and post-
buckling behavior of unstiffened elements will be pre-

sented.

2.2.1 Elastic Local Buckling Stress

The local buckling stress of unstiffened elements
with elastic moment restraint at support (fig. 2.2.1) will

be solved in a "closed" form using an approximate de-
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flected shape. The small deflection equation of plate

bending subject to membrane stresses can be written as

4 4 4 2 2,
D(E—% + 22*% 2 ¥ 20+ t(Oxxi—% ¥ OYY3 ;
9% 3x“dy oy ox oy
327
+20 ___.__) =O (2.2-1)
*Y axdy

where Z ig the out of plane deflection, t the thickness,

D the flexural rigidity and 0 the membrane stress in the

plate. This equation is attributed to St. Venant. The

normal stress in x direction and shear stress in a per-

fectly flat plate, subject to compression only in the y

direction, are zero before local buckling., Hence, eqn.

2.2.1 reduces to

D(aéi + 234§ 5+ 322) s LI
3% ax%3y” 9y T
or
2
(V') + € oy, %;% - (2.2.2)
The boundary conditions of the unstiffened element
are:

(1) deflection and moment are zero at loaded edges;
(2) deflection is zero and moment is proportional to ro-

tation at the unlcaded supported edge; and (3) shear and

moment are zero at the unloaded free edge. These bound-

ary conditions can be written as



27

2= 222 L at y = 0.1
oy
Z =20
2
D_B_E =C.§Z— atx:O
2 9xX
X
527 92z) = 0
5 + v—p
ox oy
at x = W
3 3
£+ -t - o
ox dxdy (2.2.3)

where C is the rotational edge restraint stiffness
(C = M/g). 1t is assumed that the deflected shape of

the unstiffened element after local buckling is given by

= Iy
z A1 f(x) sin I

40 (BD gin ¥ (2.2.4)

= A
1 n'w L

1
n

™

This deflected shape satisfies boundary conditions (1)
along the loaded edges automatically. Substituting eqn.
2.2.4 in the boundary condition eqn. 2.2.3, a set of four

simultaneous equations given below are obtained.

o e B i P~
1 0 0 0 c, 1

-e/2 1 0 0 c, 0
ﬂzwz ﬂzwz ﬂzwz m W

) (2-u=——=7)  (6-u—3—) (Q2-u=——)(C, Y
L L L L
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2 2 2 2

-(2-u) -2(2~p) (6-(6-3u)T ) (za-(s-4u>1;%-) lﬁﬂ \o}
n2y2 . L
X L2 b L2 (2.2.5)

where ¢ i1s the rotational edge restraint factor

(¢ = wc/D). Constants C, through C, can be obtained by

solving eqn. 2.2.5.
The small deflection eqn. 2.2.2 can be solved for

buckling stress (Ocr = Oyy)’ by substituting Z given by

eqn. 2.2.4 and using Galerkin's approximation as follows.

L
Aq I I v“z f sin &L dx dy
0 L

L W
= ~A, O c[ J azzf Ty
1 ;r 0 2o S;? sin T dx dy (2.2.6)

Performing the integration and solving for‘buckling

stress ¢
cr

4 4 C4n Cm
z L ———
D n=0 m=1 (n+m+1)
o = -
Crx 2 2,2.7
12wl #o c, c ( a)
n=1 m=1 (n+m+1)
where
4 2 2
c = [T v _¢ 21" (n+2)! L2 '
4 [ - c L (n+4)!
Tt B ey 7 i C(avs)!

(2.2.7b)
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with Cn = () when n = 0 and n > 4.

Since

2
s = . Kr°D

cr w2t (2.2.8a)

the buckling coefficient K is given by

24 24 (C4n Cm )
K = 1 n=0 m=1 ‘(n+m+1) (2.2.8b)
1r4 24 24 Cn Cm
n=1 m=1 (n+m+l)

From equation 2.2.8b, it is seen that the buckling co-
efficient (K) depends upon the length of the wave and it
is well known that for a given width (W) and the rota-
tional edge restraint factor (€), the buckling coeffici-
ent (K) is minimum at some discrete values of the

length L. For high values of the aspect ratio (L/w), the
buckling coefficient is nearly independent of length and
is equal to the smallest value of the buckling coeffici~
ent., Since in a structure the aspect ratio of the com-
ponent elements can be varied by varying the length of
the member, only the smallest value of the buckling co-
efficient K is of interest. Fig. 2.2.2 and table 2.2.1
indicate the variation of the buckling coefficient K with
the variation in the rotational edge restraint €.

It has already been observed that the bifurcation
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buckling is obtained only if the plate under compression
is perfectly flat. 1In practice, no plate is perfectly
flat and waving starts from almost the onset of loading.
Consequently, one might be tempted to rule out the com-
putation of the local buckling stress as an unnecessary
academic exercise, However, it is important to have a
knowledge of the local buckling stress, because this in-

dicates the region where the effects of initial imper-

fections are most pronounced. The buckling stress is

also a parameter, useful in the non-dimensional repre-

sentation of postbuckling behavior, Vhich will be demon-

strated later in this chapter.

2.2.2 1Inelastic Local Buckligg

An analytical investigation of the local buckli
) ng

in the inelastic range is complicéted by the non isot i
~1lsotropic

nature of the material beyond yieldin
€. In this section
’

a brief treatment of the plastic buckling of plat
ates, as
proposed by Bijlaard and later modifieq by Ilyushy
shin and

Stowell, 1s presented.

21
Bijlaard studied the plastic byck]
ing of
plates

by assuming that the distortion ener
8y theory

governs the

plastic deformation and that the plasti,.

Part of the d

[
formation is '"quasi-isotropic"; that ig
’

Similar to the
elastic deformation with the exception of
able
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modulus and Poisson's ratio of 0.5. He concluded that

the buckling stress obtained using the flow theory was too
high when compared with test results, whereas the buckling
stress based on the deformation theory exhibited good
agreement.

Ilyushin22 developed his theory by assuming a con-
stant volume and adopting the principle as visualized in
the double-modulus theory of column stability. Stowell23
improved and simplified this by basing his analysis on
Shanley's41 concept of non-reversal of stress during the
inelastic buckling. Even though Stowell also assumed
Poisson's ratio to be 0.5, any error in such as assump-
tion was reduced by the introduction of plasticity
index n, which when multiplied by the elastic buckling
stress, yilelds plastic buckling stress. Since he used
Poisson's ratio u of 0.5 for calculating both the plas-
tic and the elastic buckling stresses, n may be only
marginally affected by the value of Poisson's ratio u.

The differential equation of plastic buckling, used

by Stowell can be written as

4 4 4 2
D'[(l--Z-K)a 2+ 222 L 32, 4 44 3—% =0 (2.2.8)
Ay

szayz Bx4 Y oy

where

3
' = = -
D E t~/9, K (1 EI/E )
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cant modulus respec-—
ES and Et are the tangent and the se |
tively. He expressed the plastic buckling stress (0Cr D’
given by the solution of eqn. (2.2.8), in terms of the

icity index
elastic buckling stress (ccr)e and the plasticity

n as given below.

(2.2.9)
(ocr)p = n (Gcr)e

For an unstiffened element with a given rotational edge

restraint coefficient € (¢ = wC/D), the plasticity index

+ .1742¢e+.0192¢2

+ .1742e+.0192€2

e

n

“|
==

E
+ 2J%+%E£—¢(0834€+.0414e2+.00688€3+.00038€4
-]

+ 2/.0834¢e+.0414e%+.00688e+.00038¢”

(2.2.10)
The rotational edge restraint factors for the two cases

of hinged and fixed condition, reduce eqn. 2.2.10 to

eqs. 2.2.11 and 2.2.12 respectively.

n = ES/E (2.2.11)
= E /D(.33 + .674%43 St
n s (. . 2ty E:) (2.2.12)



33

The elastic and plastic local buckling straims can be
written in terms of the corresponding stresses and the

modulai ES and E as

(e ) = (o ) /Es

cr’p cr p
and

(ecr)e = (Ocr)e/E (2.2.13)

Substituting values from eqn. 2.2.13 in eqn. 2.2.9

(egp)y = n g—s (e ),
= n' (e, (2.2.14)
where
n' = n E/E_ (2.2.15)

Steel members of material having an elastic perfect-
ly plastic stress strain curve exhibit an yield plateau

where

E,L, =0 (2.2.16)

Substituting eqs. 2.2.10 and 2.2.16 in eqn. 2.2.15

+ .1742e+.0192¢2

+ .1742e+.0192¢e2

3
"
o= o=
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+/. 0834e+.0614e2+.00688¢°+.00038¢”

+2/70834€+.0414€2+.00688€3+.0003861 (2.2.17)

The relationship between n' and € expressed by eqn.

2.2.17 is shown 1n fig. 2.2.2 and table 2.2.1.

The elastic local buckling strain (e r) is equal
c
to
_ 2
(ecr)e = K g 5
12(1-u“) (w/t) (2.2.18)
where Ke is the elastic local buckling coefficient. Sub-
stituting eqn. 2.2.18 in eqn. 2.2.14
2
(e ) = n' K z
cr e 2
P 12 (1-p%) (w/t) 2
Tr2
= Kp 2 2
12(1-u®) (w/t) (2.2.19a)
and
2
(Ocr) = K —_____%~§&___.

The plastic buckling coefficient K
p 'S @ function of only
the edge rotation restraint coefficier
nt € for a 1,
rge

aspect ratio and is given by

(2.2.20)
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Fig. (2.2.2) and table (2.2.1) show the relationship be-
tween Kp and €. Eqn. 2.2.19a is plotted in fig. 2.2.3
showing the relationship between (ecr)p/Kp and (w/t), for
the two extreme values of Poisson's ratio (u=0.3 and 0.5).
It is important to realize that equation 2.,2.19a and fig.
2.2.3 are applicable only for elements of materials
having a sharp yield point and buckling locally in the
yield plateau between yield strain and strain hardening
strain.

The influence of initial imperfections on the in-
elastic local buckling of unstiffened elements has not so
far been studied satisfactorily. An analytical solution
to this problem is complicated by the introduction of
non-linear material properties in the non-linear equations.
The postbuckling reserve strength of elements from
materials having an yield plateau is negligible beyond
the local buckling in the plastic range, and can be dis-
regarded. However, when local buckling takes place in
the elastic range, there is a postbuckling reserve strength
and an énalytical investigation of this will be presented

in the next section.

2.3 Elastic Postbuckling Behavior

The elastic local buckling of a plate represents an

interchange from one stable form, when the plate is flat,
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to another stable form having a deflection normal to the
plane. This behavior of plates is different from that
of columns, which undergo considerable deflection after
buckling, leading to inelastic deformation and failure
with very little increase in the load carrying capacity;
and that of shelis which commonly experience an unstable
postbuckling deformation. This postbuckling strength of

plates is due to the presence of membrane tensile and

shear stresses after local buckling. Since the collapse

load of a plate can be many times higher than the local
buckling load, any design based on the ultimate strength

should take into consideration the postbuckling strength

of plates. An analytical solution to the elastic post-

buckling behavior of unstiffened compression elements 1is

presented in this section, assuming an approximate wave

form.

The large deflection equations of thin Plates were

first derived by Von Karman and were extended to plat
es

with 1initial curvature by Marguerreéz. These equati
ons

have been used by many researchers to investigate th
e
postbuckling behavior of stiffened compression el
ements

Approximate solutions were obtained by Shnade143 C 44
s X

]

. 4
Timoshenko and Marguerre45 Levy46 used Mar '
Buerre'sg

equations to theoretically solve the postbuckli
ng be-

havior of a simply supported rectangular plate und
Nder edge
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compression in one direction, with all edges constrained
to remain straight and parallel. Coan16 solved the same
problem when unloaded edges were stress free. Yamaki18
extended the solution to obtain numerical results for
deflection, stiffness, and the effective width of stiff-
ened plates subject to edge compression in one direction
and a variety of boundary conditions. Sayed17 has de-
rived effective width equations for stiffened plates,
with stress free and straightly held unloaded edges,
using Galerkin's approximation. An effective width
equation for stiffened elements based on Sayed's analytical
solution will be compared with the Winter's effective
width equation (eqn. 1.2.2) in Appendix A. Dawson19 has
studied the effect of different generalized imperfection
parameters on the effective width. All these investiga-
tors confine their attention to plates supported on all
four edges against deflection normal to the plate (stiff-
ened elements). A theoretical solution to the postbuck-
ling behavior of unstiffened elements, which are plates
with one of the unloaded edges free to move normal to the
plane, will be derived using the large deflection
equations of plates with initial curvature.

The large deflection equations of thin plates with
initial curvature under compression, derived by Marguerre,

are
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4

vip=p(z% -z 7 _ _+2Z
’

yA -2 z -z yA )
Xy » XX ,Y¥Y ,xy O0,xy “,xx 0,yy ~,yy 0,xx
(2.3.1a)

4

t
= - +
vtz D(F,yy(Z+ZO),xx+F,xx(Z+ZO), 2F L (2Hzy) L)

yy ’ Xy

(2.3.1b)

where Z0 is the initial out of plate deflection of the
element, Z is the additional out of plate deflection due

to uniform compression, and F is the stress function de-

fined as
g  =F : o__=F ; o ==F
XX » Yy yy » XX Xy s Xy
4 4 4
ana V4= dorpd il (2.3.2)
X dx dy~ dy

In the above equations, subscripts preceeded by a comma

indicate a partial differential with respect to the sub-

scripted variable. Coordinate directions and the origin

of the unstiffened element are as shown in fig. 2.1.1

The deflected shape is assumed as

= - bc (Xyn_, T
z=A,f(x)sin(my/L) Alnilcn(w) sing?t (2.2.4)

where L is the length of the local buckling waves and the

constants Cl through C4 can be obtained, by satisfying
boundary conditions, from equation 2.2.,5 The amplitud
. ude
of the waving increases in Proportion to the pParamet
eter
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Al to be determined by the Galerkin's procedure. The
effect of initial imperfection is maximum when it has

the same form as the deflection due to loading, and

therefore the initial imperfection is assumed to be

= X, n Iy
Z . .=A E Cn(w) sin i (2.3.3)

Substituting the assumed deflected shapes Z, Z., from

0
eqs. 2.2.4 and 2.3.3 in egqgn. 2.3.1la
4 2 2_ 21y
v F—A[(f,x +ff,xx)+(f,x ff,xx)cos I ] (2.3.4)
where
2 2 2
A=ET (Al +2A1AO)/2L

Particular solution to equation 2.3.4 can be written
as

FP=A[GO(x)+c1(x)cos3%1] (2.3.5)

Substituting eqn. 2.3.5 in eqn. 2.3.4 for F=Fp, then

a“cy(x) )
——4—:'- (f’x + ff,XX) (2.3.63)
dx
or
de (x)
0 -1 f2 (2.3.6b)
2 2
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and

4 2

(4 Gy g2 d Gl+;6ﬂ4Gl)= (f 2-f £ ) (2.3.6c)
PR R i SRS

dx L™ dx L

Solving eqn. 2.3.6b

\ _.2 .10 X\n
Goxy=a” I Teo, 6 (2.3.7a)

where

—c.? - oo 2
Cp4=Cy /12, Cgqg=CiC,/20,  Cpo=(C, +2C,C4) /60,

) ~ 2
Co7=(C1C,4*+C,C3) /42, Cog= (Cy%+20,c,)/112,

_ a2
C09—03C4/72, C —C4 /180

010 (2.3.7b)
Substituting
2 .10 X\
G,(x)=w" Z77C., (=)
1 hep ln'w (2.3.8)
in eqn. 2.2.6c yields
1 10, (n+4) . 2(n+2)! :
= I c -2 —== 4
WZ n=0 n! 1(n+4) n! 1(n+2)+8 Cln]
4 o4 X, (n+m-
= I I n(m-n+l)C_C_ (=)'\0™m 2) 2
n=1lm=1 nomow ( $3:9)
where

B=21w/L, C1n=0 when n>10

Equating coefficients of equal power
of (x/w) 1
n eqn,



2.3.9, the eleven constants C

1n

Thus particular solution to eqn.

FP=A[GO(x)+Gl(x) cosg%x]

where

G (x)=w2 ZlOC (x/w)n
0 On
n=4

Bl(x)=w2 ZlOC

n=0

"

1n'w

COn and C1n

Let the homogenous solution to eqn.

f(Xs}')
Then

F=Fp(x,y)+f(x,y)

where F should satisfy

vAr=0

Assuming

Te 2my
F AGz(x)cos I +A G3(x)

from eqn. 2.3.10a
4 2 2.2 4
& & - sﬂ% d £+ 16776,) = 0
dx L dx L
and
d4G
3 =0
A

(n=0..

can be obtained from eqs.

41

..10) can be found.

2.3.4 is given by

(2.3.5)

(2.3.7a)

(2.3.8)

2.3.7b and 2.3.9.

2.3.4 be

(2.3.10a)

(2.3.10b)

(2.3.

11)

(2.3.12a)

(2.3.12b)
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The solution to eqn. 2.3.12a is

2 271x 27X 2mx 271x
Gz(x)-w [CZlcosh T +szsinh I +C23 I cosh T
2TX 21X
+C26 L sinh I ] (2.3.13)

Substituting eqs. 2.3.12a and 2.3.12b in eqn. 2.3.10

F-A[(Gl(x)+62(x))cosg%l + GO(K)+G3(X)] (2.3.14)

where GO’GI’GZ’ and G3 are functions of x.

Membrane stresses in the buckled unstiffened ele-

ment are given by eqs. 2.3.2. Substituting eqn. 2.3.14

in eqn. 2.3.2,

2
- o 4T7A 2n
O x F,yy 7 [(61+G2)°°3'I1] (2.3.15a)
- - 2y
Uyy F,XX A[(Gl+(;2),xxcos L + (GO+G3),XX] (2-3.15b)
- J2TA 27y
Orxy F.xy L [(Gl+62),xc°s L ] (2.3.15¢)

There are two possible boundary conditions along th
e

unloaded supported edge of an unstiffeneq element i h
n the

postbuckling range. They are (1) the edge constrained
e to

remain straight or, (2) the edge free of
membrane stre
Sses.,

A membrane stress-free supported edge 1§
S the conditq
on

often encountered in cold-formed structural menmp
mberg,

Hence, only this type of supported edge wily p, t
reated.
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Consequently, shear and normal stresses are zero at the

unloaded edges. These boundary conditions are
o =0
Xy
at x=0,W (2.3.16)
o =0
XX

Substituting eqs. 2.3.15a and 2.3.15c¢ in eqn. 2.3.16, the
following set of four simultaneous equations are ob-
tained, and constants C21through C24 are evaluated by

solving the equations.

B ) 17 -
0 R B 0 Fc21 iy j
RsinhR BcoshPf B(coshB+BsinhB) B(sinhB+BcoshR) C22 - Zlgcln
n=0
1 0 0 0 C23 -Clo
10
coshf sinhB BcoshB RsinhR C24 -z C1
e - & 4 | n=0 I}_

where B=27mw/L
(2.3.17)
Boundary conditions at y = 0, L are (1) membrane shear
stress is zero, (2) in plane compressive deformation is
uniform and (3) resultant of normal membrane stress is
equal to the average applied stress (oav). Corresponding

equations are

o =0 (2.3.18a)
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v = Constant (2.3.18b)
w
= 2.3.19)
Oav (1/w) . Oyydx (

where Oav is the average compressive stress applied at
the loaded edges, and v is the displacement along y
direction. Eqn. 2.3.18a 1is automatically satisfied by

the stress function F. Eqn. 2.3.18b yields

de

g = Constant (2.3.20)
dx

The solution to eqn. 2.3.20 can be written as

6y(x) = W C , (x/w)? (2.3.21)

which satisfies eqn. 2.3.12b. By substituting eqs.

2.3.13, 2.3.14, 2.3.15b, and 2.3.21 in eqn. 2.3.19, con-

stant C32 in eqn. 2.3.21 can be evaluated to be

Z10 nC -

c 1 1
- % 2.3.22
2 n=4 On ( )

32 "2A av
Hence, the stress function F is given by eqn. 2.3.13 as

F = a{l6 (x) + G, (x)] cosz—zl *6(x) + 6,(x))

(2.3.13)
where

. wl 10
CO(X)'- w n§4 Con(x/w)n
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G1(x) = R C, (x/w)"
n
n=0

_ 2 21mx 21X

Gz(x) =y [021 cpsh I + szsinh T
2TX 2TX 2Tx 2Tx

+C23 I cosh—f— + C24_f_ sinh T ]

G.(x) = wl Co, (x/w)? (2.3.13a)
3 32 e

All constants can be evaluated by equations already de-

rived.
Substituting eqs. 2.3.13, 2.2.4, and 2.3.3. in

2.3.1b and using Galerkin's approximation, eqn. 2.3.1b

becomes
L W L W
4 Ty -t
j I V' Zf sinL dx dy-—D J ] [F,yy(Z+ZO),xx
0°0 0 °0

- LA
+F,xx(z+zo),yy 2F,xy(Z+ZO),xy] f sins dx dy

(2.3.23)

All the integrals can be evaluated as given below.

A C, Cm
my -1 4 4 “4n
[ J vzt SinIJ dx dy 2wl nzl mEl(n+m+1)
0 0

(2.3.24)

]

2wWL L



- 2F 7Z+Z ) 4 xy ]
J jO[F,yy(Z+ZO),xx + F,xx(Z+ZO),yy ,xy( Q)
0

f sin%? dx dy =

W

J [(G1+G2)(ff’

0

W
[0(60+G3)’xx Ax) dx

+ w 210 24 24

p=4 n=1 m=1

o
av

I, + w

W

N 2
( Gz(x)(ff’xx-f L dx
0

2
AT (A1+A0)
2L
_¢ 2y-(64G,) L £21dx dy
XX X 0 "3 ,xx
(2.3.25)

_wlay g4 g4 ‘n'm

Ay pey(ntmtl)

p(p~2)(n+m)copcncm

2
G (ff -f ) = W %
XO 1 » XX y X p=0 n=1l m=1

(n¥m+p-1) (n+m+l)

1o (2.3.26a)

10 4 4

m(m—n+1)C1 cCC
z T pnm

(n+m+p-1)

(2.3.26b)

C Com{m-n-1) (n+m-2) !
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(lotnngp b 217 PLPPs Py (PrPICh57C5)
+
P=0,2,4 (PL_p>!B(p 1) P=193’5 (PL_p):B(p'i-l)

C p. C,,~-(p,+1)C
+ =231 4+ coshp[ ¢ L 22 L (211)
Pr’ p=0,2,4 (p -p)!B°P

p -
+ 3 L (PL+1)C24
p=1,3,5

Co1 . C24]
(p-p) 18 P¥D) Py

. (pL+l)
+ [((C21 - (pL=l)c24)rB ) 1f p; is odd]

(p;+1)
+ [(((PL+1)C23"C22)%B ) if PL is even]}

(2.3.26¢c)

where = (n+m-2)

Py

Substituting eqs. 2.3.24, 2.3.25, 2.3.26a, b and ¢ in

eqn. 2.3.23.

2
A _ AT w(Al+A0) t
2wl L 2L D

-1--2Y 1.} (2.3.27)

(1)+1,-15 & 14

This equation can be written as

I
p Iy
1 72, 1, “A(A A LT p-T, -1, /T3}= (A +Ag) 0,

(2.3.28)

Using eqn. 2.2.27, eqn. 2.3.28 can be written as

Al Our = A(A1+A0) I + (A1+A0) O.v | (2.3.29)



48

where
. - = I
(15-1, 12»K13)
Let

2
Y = gn? 1 t2/2L

Ay = Aglt
A= Al
L oaw/Y
k= 0ay/%x

(2.3.30a)

Eqn. 2.3.29 can be written as given below, using the

parameters as defined by eqn. 2.3.30a.

A3+3A0A2+(2Ag+(k—1)¢) A+A k$=0 (2.3.30b)

Eqn. 2.3.30b has only one real positive root, which is the

value of A. Having found A, the postbuckling analysis is

complete. Value of any desired variable can be obtained

by back substitution into respective equations in this

section,

One of the variables in this postbuckling analysis is

the length of the local buckling waves. The wave length

at the local buckling load can be determined by minimizing
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the buckling stress with respect to the wave length L.
Experimental investigations indicate that wave length
tends to reduce as the element is loaded into the post-
buckling range. In order to study the effect of a re-
duction in the wavelength, the analysis was carried out
by reducing the length of the wave at the critical load
up to 25%Z. It was found that the change in the effective
width at the advanced postbuckling range due to the re-
duction in the wavelength was nominal. Hence, in the en-
suing investigation it has been assumed that the length
of wave in the postbuckling range to be the same as the

length at local buckling.

2.3.1 Postbuckling Behavior of Perfectly Flat Unstiff-

ened Elements - Parameter Study

Equations derived in the previous sections for the
postbuckling behavior of unstiffened compression elements
with initial imperfections can be used to study post-
buckling behavior of perfectly flat unstiffened com-
pression elements by setting the parameter A0 in the
initial imperfection amplitude eqn. 2.3.3 to be equal to
zero.

The maximum compressive stress at the supported edge

of an unstiffened compression element occurs at the crest

of a wave and is given by
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=

2
g g ‘ = oav_A{2C12+8 (C21+2C24)
e max Yy(o,le)

10 }

+ o Yn COm (2.3.31a)
n=4
or
o 2 .10
e max av A {2¢, . +p°(C,,*+2C, )+ £ m C, ]
= - 2177724 Om
Ter 9%r Ter 12 m=4
(2.3.31b)
Fig. 2.2.4 shows the relationship between (oe maxlocr)

and (Oavlccr) of perfectly flat unstiffened elements

given by eqn. 2.3.31b. It is seen that in the postbuck-

ling range the relationship is linear and the slope of

the straight line depends upon the buckling coefficient

K. The equation of these straight lines can be written

as

(Oavlccr) = (l‘Bl) + Bl(Oe max/ccr) (2.3.32)

where Bl is the slope of the straight lines. Fig. 2.2.5

and Table 2.2.1 show the relationship between the slope

B1 and the buckling coefficient K. The relationship be-

tween Bl and K can be expressed by the following equation,

obtained through a regression analysis having a correla-

tion coefficient of 0.998.

. 2
B1 0.326 + 0.086K (2.3.33)
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Ratio of the effective to the actual width is

be/W = (Oav/oe max) (2.3.34)

Substituting eqn. (2.3.34) in eqn. 2.3.31la and re-

arranging

b /v = A 2 : 10
1 - ="—[2€,,+B7(C,y+2C,,) + I 'mC

]
av m=4 Om

(2.3.35)

and substituting eqn. (2.3.34) in eqn. 2.3.32 and re-

arranging

b Jw = (17Bp) + B (2.3.36)
e o /0, 1
(e max’ “cr)

Fig. 2.2.6 shows the relationship between be/w and
(oe max/Ocr) as expressed by eqn. 2.3.36. It can be seen
that perfectly flat unstiffened elements remain fully
effective until local buckling stress is reached and the
effective width reduces with further loading. The re-
duction is larger for elements having a lower buckling
coefficient than a higher buckling coefficient,.

The maximum amplitude of the out of plane deforma-~

tion is obtained by substituting value of A from solution

of eqn. 2.3.30b in eqn. 2.2.4,.



52

- 2.3.36)
zit) o, = O T bz (

Fig. 2.2.7 shows the relationship between (Z/t) and

2
inst (Z/t)
(Oe max/Ocr). Plotting (Ge max/Gcr) agailn ( max

as shown in fig. 2.2.8, there is a linear relationship

of the form

o
2 g (-SmAX _ 2.3.37)
(z/0)2 = Byl 1) (
cr
where B3 is a function of the buckling coefficient K.

Fig. 2.2.5 and table 2.2.1 show the relationship between

B3 and the buckling coefficient K. A functional relation-
ship between B3 and K, obtained through a regression

analysis and having a correlation coefficient of 0.999,

is given below.

33 = 2.727 + 1.135/(K-0.425) (2.3.38)

Equations 2.3.37 and 2.3.38 indicate that the ratio

of the maximum out of plane deformation to thickness

((Z/t)max) is large at the advanced stage of postbuckling

of unstiffened elements having a low buckling coefficient

(hinged edge condition). However, Von-Karman's equations

are valid only for the intermediate range of deflection.

Consequently, the equation (eqn. 2,3.37) for computation

of deflection should be used with discretion for elements
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having a low buckling coefficient,

2.3.2 Postbuckling Behavior of Unstiffened Elements

With Initial Imperfections ~ Parameter Study

Eqs. 2.3.31a,b, 2.3.35 and 2.3.36 for stresses and
displacements derived in section 2.3.1 are also valid for
plates with initial imperfections.

Hence, eqn. 2,3.35 given below yields the effective
width for imperfect plates, as long as initial imperfec-

tions parameter A0 is not taken to be equal to zero.

1
b /w = A 2 10
e 1- = [2c12 + B (c21+2c24) + I 7m cOm]
av m=4
(2.3.35)

Fig. 2.2.9 shows the variation in the effective
width for an element having a rotational edge restraint
parameter € equal to 2.0 and various values of initial
imperfections. Fig. 2.2.10 shows the variation in the
out of plane deformation for various values of initial
imperfections for the same plate. It is seen that the
effect of imperfection is most pronounced around the
critical buckling stress and is negligible at the ad-
vanced postbuckling stage. It can also be observed that
the net out of plane deformation due to in plane com-

pression is smaller at the advanced stage of postbuckling
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for a plate with initial imperfections than for a per-

fectly flat plate.

2.4 Summary and Conclusions

In this chapter, an analytical investigation of
elastic and inelastic local buckling and postbuckling
behavior of unstiffened elements has been carried out.
The local buckling stress is a function of the flat
width to thickness ratio of the element and the buckling

coefficient, which in turn depends upon the rotational

restraint at the supported edge. A method for determin-

ing the local buckling coefficient K in "closed" form has

been presented. It was shown that the plastic buckling

strain coefficient Kp can be obtained by multiplying the

elastic buckling coefficient K by the plasticity index

n' which is a function of the rotational edge restraint

coefficient €, the tangent modulus and the secant modulus.
In the elastic postbuckling range, the reduced

effective width was shown to be a function of the maximum

stress at the supported edge, the local buckling coefficient

K, the flat width w, and the thickness t of the un-

stiffened element. It was observed that the load carrying

capacity of an element is essentially reached when maxi-

mum stress at the supported edge reaches the yield stress
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of the material. When the local buckling takes place in
the inelastic range, it was observed that any increase

in load carrying capacity beyond this is very limited

and often neglected. Plots and equations giving the re-
lationship between various parameters of the postbuckling
equations have been presented.

In conclusion, it is important to reemphasize that
due to the approximate nature of the assumed deflected
shape, equations derived may not give a good solution in
the advanced stages of the postbuckling range (large
value of Oe max/0cr),out of plane deflection may be large
and the wave form along the length may be very different
from the assumed simple sinusoidal curve. However, for
the range of interest in this investigation, it is ex-

pected that the analytical solution should give results

of sufficient accuracy.



CHAPTER 3

EXPERIMENTAL INVESTIGATION OF UNSTIFFENED
ELEMENT BEHAVIOR

3.1 General

A study of unstiffened compression element buckling
and postbuckling behavior is the first step in the pro-
posed experimental investigation. The objective of the
test is to subject an unstiffened element to axial com-
pressive stress and investigate local buckling and post-
buckling behavior as the loading progresses. It is de-
sirable to have the support condition of such an element
matching the environment encountered in practice. Qne
of the easiest and most commonly used methods of testing
an element in uniform compression is to subject a member
composed of such elements to uniform axial compression,
This test, often referred to as the stub column test, not
only gives the desired information about the element bhe-
havior, but also provides information useful in the in-
vestigation of the overall flexural buckling of such a
member. In this chapter, stub column tests conducted in
this investigation are described and the results of the
tests are evaluated. Results of stub column tests con-

ducted by DeWolf32 are also presented in section 3.4.2.
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These test results are compared with the analytical solu-
tion derived in the previous chapter, bearing in mind the
derivation of an effective width equation as the ultimate

goal.

3.2 Stub-Column Test

3.2.1 Material Properties

Stub columns were fabricated from ten 18 gage, 4 feet
by 10 feet sheets of low carbon commercial grade steel.
Three tensile coupons were tested, from each of the ten
sheets to obtain the material properties, following ASTM
Designation E 8-69 on '"Tension Testing of Metallic
Materials"47. The mechanical properties of the three
coupons from each sheet were averaged to obtain the pro-
perties of each sheet. Tension tests generally revealed
a sharply yielding stress strain relationship with yield
plateau. Fig. 3.2.1 shows the early portion of the stress
strain curve of a tension coupon aﬁd is typical of all
the coupons. The yield stress and the ultimate stress of
the ten 18 gage sheets are given in Table 3.2.1. The
strain hardening occured at an average strain of 0.0135
and the average elongation of 2 inch gage lengths was 45

percent,
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3.2.2 Design of Test Specimens

One of the objectives of a stub column test is to
Study the local buckling and postbuckling behavior of
Ungtiffened elements in compression. In order to get a
Complete picture, it is desirable to design the specimens
Such that the whole range of variables governing the
€lement behavior is covered. The rotational edge res-
'raint at the supported edge and the flat width to thick-
Qegs ratio (w/t) are two of the variables which influence
the behavior of an unstiffened element most. The flat
Width to thickness ratio can be easily designed to be
Within any desired range, by varying the width, thickness
°r both. The rotational edge restraint at the supported
€dge depends upon the relative stiffnesses of the
Supporting and supported elements, and often cannot be
Varjed at will, because of other constraints such as the
Premature local buckling of the supporting element and the

Testrictions of the forming process.

Five H sections, as shown in Fig. 3.2.2, were designed

f
Or the stub column tests. Two specimens were tested

C 1] 3
Orresponding to each section, The dimensions of the ten

Stub column specimens (SC) are given in Table 3.2.2. The

w
idths of the unstiffened elements were varied to obtain

& w/t ratio in the range of 30 to 60. This ensured an
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elastic local buckling. Unstiffened elements having
w/t ratios between 16 and 30 were tested by DeWolfBZ,
and the results of his tests will also be used in this
chapter. It is desirable to have webs that do not buckle
locally prematurely and provide rotational edge res-
traint to the unstiffened flanges. Therefore, the webs
were designed to remain fully effective until the yield
stress was reached. Even though the local buckling of
flanges introduced waving in the webs, webs were stiff
enough to resist this with a negligible reduction in the
effective width. Consequently, only local buckling of the
unstiffened elements affects the stub column test results.
The lengths of the stub column specimens are also
given in table 3.2.2 and the tolerance was within one
tenths of an inch. Stub columns need to be as short as
possible to avoid the overall buckling of the columns.
However, in order to avoid the dependence of the local
buckling stress of the unstiffened elements on the as-
pect ratio (L/w) of the elements, it is desirable to have
as long a column as possible. These two conditions dictate
bounds on the length of a stub column. The specification
for Design of Cold-Formed Steel Structural Members2
recommends the length to be bounded between twenty and

fifteen times the least radius of gyration. As the loading
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progresses into the postbuckling range, the radius of
gyration decreases and hence, the limit based on the
radius of gyration is difficult to apply. Heimerla
suggests a length of stub column such that the buckling
pattern has at least three half-waves. The lengths of
the stub column specimens were chosen, taking into

account both these recommendations.

3.72.3 Fabrication and Instrumentation

Sections were cut from the 18 gage low carbon steel
sheets and cold-formed into channel shapes by press
braking with a sharp die so that the inside radius was
negligibly small. In all subsequent computations, the
inside radius has been assumed to be zero. The flatness
of the plate elements was checked at random in the speci-
mens and the maximum amplitude of the distortion was
found to be of the order of two-tenths of the thickness

ot the sheet. The general quality of the forming was

good. Each stub column specimen was fabricated out of

two such channel sections from the same steel sheet.

Channels were cut slightly longer than the desired final

length of the test specimen. Matching holes were drilled

in the web of the channel sections as shown in fig. 3.2.2.

Surfaces to be joined were then cleaned with a solvent.

A thin layer of Epon 907, an epoxy grout, was spread over
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the surfaces to be joined together. Wires having a 0.009
inch diameter were used as spacers between the channel
sections to avoid the complete squeezing out of the glue.
The channel webs were rivited to hold them together while
drying and to provide additional strength to the connec-
tion during the test. After the glue had set, the ends
were ground to assure a uniform bearing against a flat
surface. To assure a perfectly flat bearing surface, the
ends were finally lapped with a lapping compound on a
perfectly flat surface.

Strain gages were glued to the specimen, parallel to
the axis of the specimen at mid-height, as shown in
fig. 3.2.3. Twelve 1 inch long SR-4, A-12 strain gages
were glued to the four flanges, one near the intersection
of the web and each flange and one on each face at the
free edge of each flange. In addition to this, two 6 inch
long SR-4, A-9 strain gages were glued to the web near
the flange and the web intersection and one 1 inch SR-4,
A-12 at the mid width of the web to insure that the strain

was uniform over the web.

3.2.4 Experimental Set-Up and Procedure

49 of the Design Criteria

"Stub Column Test Procedure"”
for Metal Compression Members was followed to set up and

test the stub columns. The ground ends of the stub col-



umns were set to bear against the ground surfaces ot two
3/4" thick cold-rolled steel plates. The specimen and
end plates were centered in a Tinius Olsen testing
machine. A thin layer of hydrostone was spread between
the machine head and the table and the bearing end
plates as shown in fig. 3.2.3.

Initially, the stub columns were loaded to approxi-
mately 30% of their local buckling load in order to cen-
ter the specimens. The centering was done by checking
the uniformity of increase in all the strain gage read-
ings. If they did not exhibit uniform compression, the
column was recentered and a new layer of hydrostone between
the top plate and the machine head was recast. After the
centering was completed, the load was reduced to a small
initial load to maintain the surfaces in contact.

A dial gage was located at mid-height of the stub
columns to measure any overall buckling of the columns in
the direction normal to the weak axis. This dial gage in-
dicated no overall flexural buckling prior to failure.

One rigid arm was attached,

using a magnetic base,

to each of the end plates, with 1ts axis parallel to the

axis of the column (fig. 3.2.3). The relative displacement

between the two arms during the test was directly re-

corded in the Olsen recorder, using a compressometer

Thus a load axial deformation plot was produced.
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Testing was started from an initial load with in-
crements such that there were at least 4 cor 5 readings
hefore the elastic local buckling. In the postbuckling
range, the load increment was reduced depending upon the
progress into the postbuckling range. Near the ultimate
load, the axial deformation was increased in very small
stages to get readings as near the ultimate load as
possible.

The strain gage and dial gage readings were re-
corded subsequent to each load increment, after the load
had settled down. 1In the postbuckling range, the am-
plitude of the local buckling waves were measured using
the instrument shown 1in fig. 3.2.4. By sliding the
dial gage in the device along the free edge of the un-
stiffened element, readings were taken at the trough of
the wave. The difference between this and the zero read-
ing being the wave amplitude desired.

Failure occurs when a further increase in the axial
shortening is accompanied by a decrease in load resis-
tance. Sometimes this type of load shedding was difficult
to recognize, because of a drop in the load after each
loading stage in the postbuckling range. 1In such cases,
fajilure was assumed to have occured when an additional
small deformation does not increase the load carried by

the specimen to a level higher than the previous load
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level. Automatic recording of the load and deformation
using a compressometer also facilitated the identifica-
tion of the failure load, because at this point the load
deformation curve has a horizontal tangent.

Pictures of one stub column prior to loading and all
the stub columns after failure are shown in figs. 3.2.5

and 3.2.6 respectively.

3.3 Background for Evaluation of Experimental Data

3.3.1 Local Buckling

It was already pointed out that waving, and hence
decrease in effective width, starts from the very be-
ginning when an unstiffened element is loaded in com-
pression. Hence, a bifurcation type of buckling, char-

acteristic of an ideally flat plate, is not realized 1in

an experimental investigation. However, it was pointed

out that the local buckling stress is one of the impor-

tant values desired.

A number of approximate methods have been proposed

for determining the local buckling stress from experimen-

50

tal observations. Hu et al,15 Vann et al and
y

51
Johnson have discussed some of these methods

Basically

all methods depend upon the measurement of either the
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Difficulty in obtaining an accurate measurement of the
maximum wave amplitude and change in the location of

the maximum wave amplitude in the postbuckling range make
the computation of local buckling stress based on out of
plane deformation unreliable. Among all the methods for
finding the local buckling stress from strain measurement,
the modified surface strain reversal method, described
below, has been found to be most reliable by past investi-
gators and will be used here.

When an unstiffened element is subjected to com-
pressive stress, waving starts practically from the be-
ginning of loading. Hence, the strain readings at the
free edge of the unstiffened element are non-linear as
the loading progresses, as shown in fig. 3.3.1. Com-
pressive strain at the convex side of the element is
always smaller than that at the concave side, due to the
flexural stress in the plate. At a certain load, the in-
crease in the flexural tensile stress at the convex side
exceeds the compressive stress due to the increase in
the axial load and there is strain reversal (point A).
The modified surface strain reversal method assumes the
load corresponding to this point to be the critical load
of an unstiffened element. This procedure has been used
throughout this investigation to determine the local

buckling stress experimentally.
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3.3.2 Postbuckling Behavior

At each load increment, the axial load on the stub
column and the strain at the web and flange intersections
were measured. Since the web has been designed to re-
main fully effective until the yield stress is reached,
the stress throughout the web and at the corners of the
web and flanges 1s taken to be equal to the stress in
the flange at the intersection of the web and flanges.

The load resisted by the four outstanding unstiff-
ened elements can then be computed by subtracting the load
carried by the rest of the area of the cross section
from the total load on the stub column. The average
stress in the unstiffened elements at any load is ob-
tained by dividing the load carried by the unstiffened

elements by the total area of the unstiffened elements.

The maximum stress in the unstiffened elements is the

stress at the web flange intersection. The ratio of the

effective width to the actual width (b /w) is obtained
e

from eqn. 2.3.34b (given below) by dividing the average

stress on the unstiffened element by the maximum stress

on the unstiffened element.

o ’av/;e nax (2.3.34b)
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With these background information, evaluation of
the experimental results will be carried out in the

following section.

3.4 Evaluation of Experimental Results

3.4.,1 Experimental Results

The local buckling stress of the stub columns has
been computed from the experimental results as des-
cribed in the previous section, and is given in table
3.4,1. The corresponding buckling coefficient K com-
puted by substituting the buckling stress 9y in the eqn.
1.2.1a and solving for the buckling coefficient K, is
also presented in table 3.4.1. The stub columns tested
exhibit characteristics in between that of an H section
and a single channel section, because of the discentinu-
ity of the flanges across the web and the non-integral
nature of the web. The theoretical buckling coefficient
of these two extreme idealizations can be obtained from
W.D. Kroll7 and these values are also presented for com-
parison in table 3.4.1. The average of these two values
seems to agree reasonably well with the test values.

As already mentioned, crippling is assumed to take
place when the maximum stress at the supported edge
reaches the yield stress. The corresponding average com-

pressive stress and the ratio of the effective width to
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the actual width (be/w) has been computed as explained in
the previous section. The ratio of the maximum supported

edge stress to the critical stress (0e max/Gcr) and the

ratio of the effective width to the actual width (be/w)
at crippling, are given in table 3.4.2 for all specimens.
The ratio of the out of plane wave deflection amplitude
to the thickness just prior to failure is also given in
table 3.4.2 for all specimens.

The axial shortening of the specimens was recorded
automatically by the compressometer during the loading.
This axial shortening can also be computed from the

strain measured by the long gages located in the web at

the intersection of the web and flanges. A typical plot

of the axial load versus the axial shortening for a stub

column (SC-I1 1) obtained from the compressometer and

the strain gages is shown in fig. 3.4.1. 1In the post-

buckling stage, there is usually a drop in the load after

each load increment and the compressometer curve has

been corrected for this. There is a good agreement be-

tween the two curves. This is typical of the other stub

column axial shortening curves. Attempts by previous in-

vestigators to measure the axial shortening using dial

gages were not as successful, because of a larger least

count of dial gages used (0.001 in.).
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3.4.2 Experimental Results of DeWolf32

In this section, the results of tests conducted by
another investigator32 on stub columns with unstiffened
elements in compression are presented. In subsequent
sections, these results and the results of the tests
conducted in this investigation will be compared with
the analytical solutions.

DeWolf32 tested four stub columns with unstiffened
elements having a (w/t) ratio in the range of 16 to 30.
The section dimensions, material properties and test
results of these four stub columns (UD 1l-4) are given in
table 3.4.3. The experimental and theoretical buckling
coefficient (K), and at the ultimate load the ratio of
the maximum edge stress to the critical stress
(Ge max/ocr)’ and the ratio of the effective width to
the actual width (be/w) (assuming the stress at the
supported edge to be equal to the yield stress at the
ultimate load of the stub column) are also presented in
table 3.4.3. Specimens UD-1 and UD-2 actually did not
undergo local buckling before failure. Any reduction in
the effective width before failure can be attributed to
the effect of initial imperfections. DeWolf has com-
puted a low value of the local buckling coefficient for

these two specimens assuming the local buckling to have
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occured at failure or just prior to the failure. These
low values of K (0.5 and 0.64) do not appear to be con-
sistent, when compared with those of UD-3 and UD-4.

Hence, in this investigation realistic values of the
buckling coefficients have been assumed as shown in table
3.4.3, and all other computations are based on these

assumed values of the buckling coefficient.

3.4.3 Comparison With the Analytical Solution

In this section, the experimental results given in
the previous two sections will be compared with the
analytical solution presented in section 2.3 and 2.4,
An analytical equation (eqn. 2.3.35) was derived in the

last chapter for the effective width of unstiffened ele-

ments in the postbuckling range. The initial measurement

and test results seem to indicate the maximum value of

the initial imperfection amplitude to be equal to 0.2

times the thickness of the element. Hence, only this

initial imperfection amplitude will be used in the ana-

lytical representation of postbuckling behavior in this

and following sections, Fig. 3.4.2 shows the variation

of the ratio of the effective width to the actual width

(be/w) as the ratio of the maximum edge stress to the

critical stress (Oe max/Ucr) is changed. There are two

curves, corresponding to the two values of the buckling



coefficient K equal to 0.855 and 1.003. These two values
of the buckling coefficient are used, since the buckling
coefficients of the stub columns tested are within this
range. Curves for zero initial imperfecticn amplitude
are also drawn for the two values of the buckling co-
efficient.

For comparison, the test points evaluated in the
previous sections are also plotted in this figure. It
can be seen that there is a very good agreement between
the test results and the analytical solution in the
postbuckling range. The analytical solution has been
derived in the second chapter, assuming that the supported
edge parallel to the direction of applied compression is
free to move in the plane of the element. However, due
to symmetry of the stub columns about an axis passing
through the middle of the web plate, there will be some
restraint against the movement of the supported edge of
the unstiffened elements in the plane of the element.

In addition to this, the initial imperfection amplitude
has been taken to be 0.2 times the element thickness,
which may be too high for narrow flanges. The slightly
conservative nature of the analytical solution in the
postbuckling range can be attributed to these two reasons.

In the prebuckling range, the analytical solution is

very conservative compared to the test results. The ana-



lytical solution indicates a reduction in the effective
width even for a very small value of the maximum
supported edge stress to critical stress ratio

(Ue max/ocr)' whereas experimental results seem to in-
dicate that the unstiffened elements having a very small
(w/t) ratio, hence a large buckling stress, remain fully
effective until yield stress 1is reached over the entire
width of the element. This can be observed in some of
the test results presented here and it bas also been ob-
served by many investigators studying wide flange hot
rolled beams and columns. This difference between the
analytical solution and the experimental results in the
prebuckling range can be attributed to many factors.
Unstiffened compression elements having a small (w/t)
ratio may have a very small initial imperfection ampli-
tude and hence little reduction in the effective width
before yielding is reached. Besides, it was pointed out
that even though failure is assumed to occur as soon as
the maximum supported edge stress reaches yield stress,

elements having local buckling stress around or above the

vield stress may have at failure the supported edge strain

greater than the yield strain. This facilitates the

spread of plastification into the element, thus increas-

ing the ultimate load, In order to take these factors

into account, the analytical solution can be modified as



given below.
In fig. 3.4.2, it can be obscerved that the analyti-
cal curves for perfectly flat elements and the analyvtical
curves for elements with a small initial imperfection
have the same shape in the postbuckling range (0O

e max
/ocr>l). Hence, by shifting the curves for the perfectly
flat elements horizontally a certain distance to the left
(towards the vertical axis), they can be made to generally
coincide (in the postbuckling range) with the analytical
curves for the corresponding elements with an imperfection
amplitude of 0.2 times the thickness of the element. How-
ever, in the prebuckling range (Oe max/Ocr<l)’ the shifted
curves (indicated by dashed lines) deviate from the ana-
lytical curves for the corresponding elements with initial
imperfections. These shifted curves intersect the line
corresponding to a fully effective line (be/w=1.0) at a
certain value of the abscissa (Oe mnx/Ucr) different from
zero. The shifted curves are still slightly conservative
in the prebuckling range in comparison to the test results,

though much closer to the test results in the prebuckling

range than the analytical curves. Hence, an eftrective
1

width equation for the unstiffened clements’ elastic post-

buckling behavior can be reasonably represented by the

equation of the shifted curve.

The analytical curve corresponding to zero initial
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imperfection has been shown to be given by the equation

b (1-Bl)

- = + B
1
v (Ue maxfacr)

(2.3.36)

from which, the equation for the shifted curve can be

written as

b (1-B.)
£ . 1 + B (3.4.1)
v % max 1
(———— + B,)
ccr 2
where B2 is the abscissa distance (0e max/Gcr) by which

the curve of a perfectly flat plate has to be shifted
horizontally towards the vertical axis to take into con-
sideration the effect of initial imperfection. For a
given initial imperfection, the value of B2 depends upon
the buckling coefficient K. Table 3.4.4 and fig., 3.4.2
give the relationship between the parameter B2 and the

buckling coefficient K for the assumed initial imper-

fection of 0.2 times thickness. The functional relation-

ship between B2 and K can be written as given below,

through a regression analysis having a correlation co-

efficient of 0.999.

_ 4
B2 =0.378-0.768(K~1.18) (3.4.2)
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Hence the effective width equation of an unstiffened

element can be written as

b (l—Bl)

w 1
( e max + B )
o, 2
where
B, = 0.326 + 0.086 K2 (2.3.33)
and
B, = 0.378 - 0.768 (K - 1.18)% (3.4.2)

3.4.4 Winter's Unstiffened Element Effective Width

Equation

An effective width equation for unstiffened ele-
ments has already been proposed by Winter.13 This
equation was derived by modifying Von Karman's effective
width equation for stiffened elements to fit the test

results on unstiffened compression elements. The equa-

tion can be written in a general form as

be/w = BS/O'CI_ZU (l‘O—BG ocr/ge max) (3.4.3a)

€ max

Substituting eqn. 2.3.34 for ratio be/w in eqn. 3.4,3a,

it can be written as
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- - (3.4.3b)
Oav/ocr BS(/Oe max/gcr B6)

Eqn. 3.4.3b makes it easy to obtain constants B5 and B6

graphically, since this is an equation for a straight

line in terms of the variables OaV/OCr and /6; max/gcr'
In order to obtain constants B5 and B6, experimental and
analytical investigation results are plotted in fig. 3.4.4.
The two non-dimensional parameters in eqn. 3.4.3b are
chosen as the ordinate and obscissa of the plot. The
curve corresponding to the effective width eqn. 3.4.1,
which is based on the analytical solution, is drawn in
fig. 3.4.4. The buckling coefficient K equal to 0.5 is
used for the curve since it yields a conservative wvalue
of the effective width for the values of K over a major
range. A fully effective element curve (Oav=0e nax is
also presented. Using all this information, a straight

line representing eqn. 3.4.3b is drawn to obtain a con-

servative fit, From this, the value of constants B5 and

B6 is found to be

=
I

1.19

(o~}
]

0.298

Substituting this in eqn. 3.4.3a
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be/w = 1.19 /cc /oe max(l.o—o.zgs/ccr/oe ) (3.4.5)

r max

Comparing the coefficients B5 and B6 in eqn. 3.4.5 and the
coefficients in eqn. 1.2.3, proposed by Winter for un-
stiffened elements, there is only a small difference in
the value of the coefficient B6' Equation 3.4.5 is
similar in format to the effective width eqn. 1.2.2 for

stiffened elements which is given below.

(1.0-0.22vc /o ) (1.2.2)
cr’ “e max

= g 0]
be/w cr/ e max

Equation 3.4.5 is plotted along with eqn. 3.4.1 for the
two extreme values of the buckling coefficient

(K = 0.425 and 1.277), in fig. 3.4.5. Eqn. 3.4.5 gives
a conservative value of the effective width over a wide
range, except in the early postbuckling range of the un-
stiffened elements with a low buckling coefficient K.
The effective width given by eqn. 3.4.5 tends to become
more and more conservative in the advanced postbuckling
range.

The effective widths computed using eqn. 3.4.1 and
eqn. 3.4.5 are compared with the effective widths eval-
uated from the experimental results in table 3.4.5. The
effective width eqn. 3.4.1 yields results which vary from
4 percent on the conservative side to 7 percent on the

unconservative side, when compared with the test results.
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Eqn. 3.4.5 when compared with the test results, exhibits
differences from 10 percent on the conservative side to

9 percent on the unconservative side. Both the equations
seem to indicate a good correlation with the test re-
sults, except in the advanced postbuckling range, where
the eqn. 3.4.5 becomes more conservative.

The ultimate and the preultimate test points are
plotted in fig. 3.4.6 in terms of the parameters Oav/Ocr
and Vo /o __. Curves corresponding to the effective
width equation 3.4.1, for two values of the buckling co-
efficient K (0.855, 1.003), and the effective width
equation 3.4.5 are also plotted in this figure for com-
parison. Preultimate points generally fall on the con-
servative side of the effective width equations, which
can be attributed to the measurement of the average
rather than the maximum supported edge strain by the

strain gages. The ultimate load points do exhibit a good

correlation with the effective width equations. A
reasonably good correlation between the effective width
equations and stub column test results indicates the

validity of the effective width equations. These equa-

tions will be checked with the postbuckling behavior of

the unstiffened compression flanges of flexural members,

in the fifth chapter.
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3.4.4 Out of Plane Deformation

Even though the existence of the postbuckling re-
serve of unstiffened elements was recognized long ago,
there has been some reluctance about using this to the
full extent with a uniform factor of safety, as in the
case of stiffened elements. This has been mainly due to
the objection to the unsightly waving of elements in the
service load range. One of the objectives of this in-
vestigation has been to measure the amplitude of the out
of plane deformation of unstiffened elements in the post-
buckling range to get an idea of the magnitude of the
waving.

The out of plane deformation of the unstiffened
elements was measured during the test, as indicated in
the test procedure. The amplitude of the out of plane
deformation just prior to failure is given in table 3.4.2.
These test points are also plotted in fig. 3.4.7. An
analytical solution to the out of plane deformation am-
plitude of perfectly flat plates, given by eqn. 2.3.37,
is also plotted for the values of the buckling coefficient
K equal to 0.855 and 1.003.

All the test points fall on the conservative side of
the analytical solution. There is considerable scatter

in the test points and one could attribute this to the
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effects of initial imperfection and the normal experi-
mental scatter. It 1s important to realize that real
elements will have out of plane deformation even before
the local buckling stress 1is reached, whereas a perfectly
flat plate equation does not give any out of plane de-
flection prior to the local buckling. However, the de-
flection prior to buckling 1is usually very small and is
not of any interest. Hence, equation 2.3.37 can be used
to compute the amplitude of the out of plane deflection.
It can be seen that the amplitude of the out of plane
deformation of unstiffened elements is not very high,
even at the advanced postbuckling range, as long as there
is some rotational edge restraint, however small it may
be (fig. 2.2.7). Most of the unstiffened elements, with
the exception of equal angles and cruciform sections

under compression, have at least a small rotational

restraint at the supported edge. Consequently, one

should be able to use the available postbuckling strength

of such sections, without any concern about the excessive

waving,.

3.5 Summary and Conclusions

Stub column experiments, conducted in the course of
studying the buckling and postbuckling behavior of un-

stiffened elements, have been presented in this chapter.
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Material and section properties,.test set-up and pro-
cedure, and test results are presented in the first part
of the chapter. The results of the stub column tests
conducted by another investigator32 are also included.
The test results have been compared with the analytical
solution to arrive at an effective width equation for
the unstiffened element postbuckling behavior. Two
equations, one based on the analytical solution of the
previous chapter and the other having a format similar
to the effective width equation for stiffened elements,
have been examined (eqs. 3.4.1, 3.4.5).

It is shown in this section that the buckling co-
efficient computed from the experiments, using the mod-
ified surface strain reversal method, compare well with
the theoretical solution. An analytical solution, using
a value of the initial imperfection amplitude equal to
0.2 times the thickness of the element, seems to exhibit
a good agreement with the test results in the post-
buckling range. However, in the prebuckling range, the
analytical solution was conservative, and had to be mod-
ified to account for the progression of plastification
into the element (eqn. 3.4.1). The effective width egn.
(3.4.5), having the same format as the effective width
equation for stiffened elements, was obtained by a con-

servative fit of experimental and analytical results, and
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is essentially the same as the Winter's equation for un-
stiffened elements (eqn. 1.2.3). This equation (eqn.
3.4.5) is generally conservative when compared to the
effective width equation based on the analytical solu-
tion (eqn. 3.4.1), except in the early postbuckling
range of elements with a low buckling coefficient K.
Eqn. 2.3.37 gives a conservative result for the am-
plitude of out of plane deflection in the range of
interest, namely for stresses above critical stress.
Consequently, this equation can be used to get an idea
of the out of plane deflection of unstiffened elements.
It was observed that the waving of the unstiffened ele-
ments may not be objectionable as long as there is at
least some rotational edge restraint at the supported

edge parallel to the direction of loading.



CHAPTER 4

INTERACTION OF THE LOCAL AND THE OVERALL
BUCKLING IN COMPRESSION MEMBERS

4.1 General

Economical design of compression members requires
that the material in a column cross section be distri-
buted as far away from the certroid of the column as
possible. This often results in compression members
having thin component eiements. It is commonly assumed
in the study of the flexural and torsional instability
of hot-rolled columns that the shape of the cross sec-
tion remains unchanged. However, thin plate elements of
a cold-formed column may buckle locally before the over-
all buckling of the column. This distortion of the columr
cross section reduces the effective stiffness of the
column and the load at which the column becomes unstable.
Consequently, it is important to consider the local
buckling of thin plate elements while studying the over-
~all buckling of columns in compression. 1In this chapter
the effects of the local buckling of the unstiffened
elements on the overall flexural buckling of cold-formed
steel columns will be treated. Before venturing further
into the study of the interaction behavior, it is appro-

priate to review briefly the flexural instability of the

83
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columns.

4.1.1 The Flexural Instability of Columns

A centrally loaded ideally straight column trans-
mits the compressive force passing through the cen-
troidal axis without any lateral bending, as long as the
applied force is less than the critical value known as
the buckling load. When the load reaches the critical
value, the column can be in equilibrium either in a
straight configuration or a slightly bent configuration,
as long as the cross section is sﬁch as to preclude the
torsional buckling prior to the flexural buckling. This
lateral buckling can take place either at a constant

load or with a load gradient, depending upon whether the

buckling is elastic or inelastic. Because of initial

imperfections in the column geometry and the eccentricity

of the applied load, the strength of a column, in prac-

tice, is usually less than the critical load of an ideal

column having the same section and mechanical properties.

However, the critical load is of interest since it can

be visualized as being asymptotically approached as the

lmperfections tend to zero.

In the current design prac-
1,49

tice the reduction in the strength due to the initial

imperfections is taken care of by an appropriate factor

of safety and a proper modification of the design curves.
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The critical load at which a linearly elastic, in-
itially straight and concentrically loaded column will

buckle was derived by Euler as

P, = m2E1/L2 (4.1.1)

where Pe is known as the Euler buckling load. Upon
substituting for the moment of inertia I in terms of the
area A and the radius of gyration r of the cross section,
the formula for the stress Oa at the Euler buckling load
is obtained,
o, =_Ei§_§ (4.1.2)
(L/x)
These equations have been derived for the columns with
the hinged-end condition and are usually extended to the
other end conditions by substituting the effective length
(KL) in the place of the actual length L. 1In order to
avold any possible confusion between the buckling co-
efficient and the effective length factor K, in all the
column equations the length L instead of KL will be taken
to mean the effective length of the column.
The flexural buckling stress of columns of shorter
length may exceed the proportional limit of the material.
Consequently, for these columns, the Euler equation de-

rived for the elastic range is not directly applicable.
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A detailed review of theories proposed for column buck-
ling beyond the proportional limit can be found in the
Guide to Design Criteria for Metal Compression Members.4
A column loaded beyond the proportional limit without
buckling will start to bend, as the load increases, at

an average stress O, obtained by substituting the tan-

gent modulus Et of the material in the place of the
elastic modulus E in egqn. 4.1.2.

TTZE
t

g, =—
(Lix)?

. (4.1.3)

Even though the initial bifurcation in the inelastic
range takes place at the tangent modulus stress (eqn.

4.1.3), the lateral deflection increases with an increase

in the average compressive stress, and the upper bound

on the failure stress is given by the reduced modulus

stress ©
r

an
T

0 =
. (4.1.4)

where Er is the reduced modulus, which is a function of

the Youngs modulus E and the tangent modulus E , depend-
t

ing upon the cross section.

Structural steel coupons tested in tension exhibit

a nearly linear stress-strain behavior up to the yield
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stress. If this were to be the behavior of compression
members, then one would expect the columns to develop
full yield stress for values of the slenderness ratio

(L/r) less than (L/r)y where
(L/x) ) = /th/oy (4.1.5)

and the buckling stress would be given by the Euler
stress (eqn. 4.1,2) for a value of the slenderness ratio
larger than that given by eqn. 4.1.5. However, when a
stub column is tested to ascertain the stress strain
characteristics in compression, it is found that the
proportional limit is lower than the yield stress, which
is attributable to the presence of residual stresses,
work hardening, and the variation in the yield stress
over the cross section of the column. Fitting a parabola
which joins the Euler buckling curve tangentially, and
gives a conservative estimate of the major and minor axis
flexural buckling stress of wide-flange columns having a
maximum residual stress of 0.30y, the Column Research Coun-
cil proposed the following equation for the buckling

stress (Oc) of hot rolled steel columns beyond the pro-

portional 1limit.

s =g - 7 (L/r)? (4.1.6)
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Extensive research carried out to determine the strength
of hot rolled steel columns is reviewed by the Guide to
Design Criterial for Metal Compression Members.49 These
investigations treat analytically and experimentally the
effects of the residual stresses and the initial curva-
ture. One of the general conclusions that can be drawn
from these studies is that the effects of the initial
imperfections and the residual streés are most pronounced
around the slenderness ratio, given by eqmn. 4.1.5, where

the Euler buckling stress is equal to the yield stress

of the material. Having gone through the general equa-

tions governing flexural buckling, a cursory treatment

of the research carried out by various investigators in

the area of the interaction of the local and overall

buckling of the compression members will be presented

in the succeeding section.

4.1.2 The Flexural Buckling Strength of Compression

Members With Locally Buckling Elements

The effective areas of the thin compression elements
of cold-formed steel columns decrease with an increase

in the compressive stress. If the columns are very

slender, they may become unstable even before the effec~

tive area of component elements begins to decrease. The

buckling stress of such columns may be obtained by using
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the Euler eqn. 4.1.2 as long as the stress is below the
proportional limit. The cold-formed steel compression
members also exhibit a gradually yielding stress strain
curve in compression. This can be attributed to the non-
linearity of the basic material property before the
yield, the cold work in the process of forming, and the
local buckling. The reduction in the effective area of
thin elements in compression due to local buckling, re-
duces the average compressive stress at failure of stub
columns with thin elements to a value less than the yield
stress, whereas a fully effective stub column will have
an average compressive stress at failure nearly equal to
the yield stress. Consequently, the flexural buckling
stress of the compression members with component ele-
ments buckling locally, cannot be obtained directly from
the equations derived for hot rolled sections designed to
remain fully effective until failure.

The ultimate load of a stub column having thin com-

pression elements that buckle locally can be written as

= o= Ao =P 4.1.7
Pu Aeff y yQ yQ ( )
where Q is known as the form factor, introduced to take
into account the reduction in the effective area, Pu is
the ultimate load, A is the effective area, A is the

eff
total area and Py is the load at failure of the fully
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effective section. The main difference between the
strength of stub columns with thin elements, and that of
a fully effective section, is the factor Qoy instead of
oy. The Specification for the Design of Cold-Formed
Steel Structural Members2 recommends the use of the
following equation to determine the flexural buckling
strength of the cold-formed structural steel compression

members beyond the proportional limit.

5 (4.1.8)

The equation has been obtained by replacing the yield

stress Oy in the Column Research Council equation (4.1.6)

with Qcy to account for the reduced effective area. This

equation, however, does not consider the reduction in

the radius of gyration as a result of the local buckling.
The buckling strength of slender cold-formed columns is

calculated using the Euler equation (eqn. 4.1.2).

27
Bijlaard et al were among the earliest investiga-

tors to study the buckling strength of compression mem-

bers with component plate elements in the postbuckling

range., They derived an analytical solution for the flex-

ural buckling strength of columns in the intermediate

range of the slendermness ratio. The flexural buckling

t
strength before the local buckling of the elements was
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taken to be equal to the Euler buckling stress in their
derivation. In the plastic range, the buckling strength
was represented by a Johnson's parabola. The authors
compared their analytical solution with the experimental
results on aluminum tubular and H column specimens and
indicated good agreement. However, they failed to
recognize the reduction, due to initial imperfections,
in effective area even before local buckling. This re-
duction has been found to be discernable in the case of
steel members with thin elements. Various other inves-
tigators14’52’53’54’31 have compared their semi-empirical

solutions for the interaction in the postbuckling range

with the test results. Many of these solutions are

applicable only in the elastic range.

Graves Smith28 has presented a theoretical analysis

for the flexural buckling strength of rectangular tubes
in the postbuckling range of the component plates. He
has included the large deflection due to the local buck-
ling and the plastification of plate elements in his de-
velopment. He indicates good comparison between his ana-
lytical solution and the results of tests he conducted
using square aluminum tube columns.

DeWolf32 conducted tests using cold-formed steel com-

pression members with stiffened and unstiffened elements.

He has compared the results of these tests with theo-
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retical curves obtained using the effective moment of
jnertia in the tangent modulus egn. 4.1.3. These
effective moments of inertia were arrived at by dis-

tributing the effective area of buckled elements pro-

perly about the neutral axis. He shows good correla-

tion between the test results and theoretical curves.
The theoretical method proposed by DeWolf will be dis-

cussed in further detail later in this chapter (section

4.4.3)'

4.2 Experimental Investigation of Compression Members

An experimental investigation of compression mem-
bers was conducted to study the interaction of the
flexural buckling of the compression members and the

local buckling of the unstiffened elements. The ob-

jective of this investigation was to determine the

effects of the local buckling of the unstiffened elements

on the overall or flexural buckling of compression mem-

bers.

4,2,1 Material Properties

The 18 gage sheets used in fabricating the stub

column specimens were also used in forming the long com-

pression specimens. Consequently, the mechanical pro-

perties of the specimens determined, as detailed in sec~
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tion 3.2.1, are given in table 3.2.1.

4.2,2 Design of the Specimens

The cross section dimensions of the compression

specimens were the same as those used for the stub
column specimens of the previous chapter. There were
five different H-sections, having the ratio of the flat
width to thickness (w/t) of unstiffened elements in the
range of 30 to 60. Three columns of different lengths,
corresponding to each of the cross sections, were
tested. The lengths of the specimens were chosen so
that the columns buckle in the postbuckling range of
the unstiffened elements. The measured dimensions of
the specimens, the section properties, and the sheets
from which they were fabricated are given in table (4.2.1).

| DeWolf32 tested four different sections having sim-
ilar cross sections, but the (w/t) ratios of the un-
stiffened elements were in the range of 16 to 30. The
results of his tests will also be presented in this chap-

ter to encompass the entire range of interest of the w/t

ratio.

4.2.3 Fabrication and Instrumentation

The column specimens (H section) were fabricated by
gluing, back to back, two channel sections from the same

sheet, which were cold formed by press braking. The form-
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ing and the glueing processes have been described in
section 3.2.3.

One cold-rolled 3/4" end plate was welded to each
plane end of the finished column such that they were
perpendicular to the axis of the column. The welding of
the end plates to the column was carried out in a par-
ticular order, so that there was no residual compressive
stress at the free edge of the unstiffened elements due
to welding. This was done to ensure that the columns
would not fail prematurely due to the crippling of the
unstiffened elements locally at an end of the column,
as a result of the superposition of the applied and the
residual compressive stresses at the free edge of the

unstiffened elements.

Twelve SR-4, Al2 and two SR-4, A9 strain gages were

glued to the specimens at mid-height, similar to the stub

columns as shown in fig. 3.2.2. These gages were used

to center the columns during the set-up and also to get

an idea of the axial stiffness of the columns during the
test.

4.2.4 Experimental Set-Up and Procedure

The column tests were performed using the ASTM Des-

ignation STP 4.19, "The Testing of Pinned-End Steel
Columns",55

as a guide. The columns were tested as pinned-

end 1
columns, using the fixtures developed at Cormell for
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another series of pinned column tests.56 The end

plates of the column were set against the ground plates

in the end bearing fixtures. Fig. 4.2.1 shows sections
drawn through the end fixtures. The columns were ori-
ented in the fixtures such that the weak axis of the
columns was parallel to the knife edge. Thus the supports
were free to rotate about the knife edge while the col-
umn was buckling about the weak axis.

The end plates of the columns were secured by four
bolts in each direction, provided in the box of the end
fixtures. Using the set of eight bolts, the column ends
could be moved horizontally in either direction. The
boxes could also be rotated about a horizontal axis per-
pendicular to the knife edge by adjusting the wedges
under the knife edge using a lower set of four bolts.

By using both sets of bolts, any eccentricity of the
axial load on the columns could be corrected.

Seven dial gages were used to measure the trans-
verse deflection of the columns, as indicated in fig.
4.,2,2, TFour of these dial gages were used to measure
the transverse deflections in the direction of the stroug
axis at the ends and the center section of the columns,
and the other three were used to measure the deflection
parallel to the weak axis at these sections. Dial gages

were also provided to measure any displacement of the
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end fixtures during the test.

The tests were conducted in a Baldwin testing ma-
chine and a picture of the whole set-up 1s shown 1in fig.
4.2.3. The columns were initially loaded to approxi-
mately thirty percent of their local buckling load for
the purpose of centering. The eccentricity of the
applied load was checked using the strain gages and the
dial gages at the mid-height of the columns. Any dis-
placement of the end fixtures was also recorded. The
uniformity of increase in the strain over the cross
section of the specimen and the lack of any transverse
deflection, indicated that the load was concentric. In
a few of the instances, it was difficult to achieve
uniform compression as measured by the strain gages and
in such cases only the dial gages were relied upon for

the purpose of centering the columns. If the applied

load was found to be eccentric, the load was reduced to

about 200 pounds and the column eccentricity was

corrected by adjusting the two sets of bolts provided for
this purpose in the end fixtures. Once the column had

been centered, the load was reduced to a small initial
load of about 200 pounds to keep all the surfaces in con-

tact and thus maintain the alignment and from this load

the test was begun.
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The load was increased during the test by small in-
crements, so that the readings could be taken as close
to the failure as possible. Prior to the local buckling
of the elements, the strain gage and dial gage readings
were recorded after the loading valves were shut off and
the load had stabilized. 1In the postbuckling range, it
was difficult to obtain the stability of load this way,
and the readings were taken by maintaining the load con-
stant at a particular level by operating the valves.
Near the flexural buckling load, the transverse deflec-
tion of the column increased at a faster rate and the
failure took place following the formation of permanent
kinks in the unstiffened elements on the concave side of
the buckled column., After failure, the transverse de-
flection increased with a decrease in the axial load,
indicating instability. Fig. 4.2.4 shows a picture of

all the columns after failure.

The procedure for the evaluation of the test results

and the results of the compression tests will be presented

in the following sections.

4.3 Background for Evaluation of Experimental Data

4.3.1 Determination of the Elastic Flexural Buckling Load

From Experiments

While an ideal column in the linear elastic range

exhibits bifurcation buckling at the Euler buckling load,
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an actual column, when loaded in compression, does not
undergo bifurcation buckling due to the effects of im-
perfections in the geometry and the loading. The real
columns withstand the compression with very little in-
crease in transverse deflection in the early stages, and

the deflection grows at an increasing rate near the Euler

buckling load.

Southwell57 proposed a method for obtaining the
theoretical flexural buckling stress of a column from
the experimental result of the column with initial im-
perfections. He derived the following equation for the

lateral deflection of an elastic column subject to com-

pression,

(4.3.1)

where v is the increase in the deflection at the center

of the column due to the axial 1load P, w is the initial

deflection at the Same section, and p
,‘ er is the theoret-

ical flexural buckling load. Equation 4.3.1 defines a

straight 11
g ne in terms of the variableg v and wm/P which

are obtained from the elastic range of the column test in

which P ig a reasonably 1
y large fraction of
0 Pcr' Eqn. 4.3.1

has been derived for compression members having a con-

stant moment of inertia as the load 1is increased where
, -
88, the moment of inertia of columns, with locally buck-
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ling unstiffened element, changes due to a change in the
effective area. 1If the change in the moment of inertia

is taken into account, eqn. 4.3.1 reduces to

L
x P 3 -V (4.3.2)

where Ie is the effective inertia at the load P and

I is the effective inertia at the load P _. Plotting
ecr cr

the results of compression tests in terms of the varia-

bles v and Wm/P at loads near the critical load, test

points lie nearly in a straight line. The slope of the

straight line is nearly equal to the critical load Pcr’
I

since at loads near the critical load is nearly equal

to 1. Test points falling on a straighiciine gives some
validity to this assumption. Plotting the result of a
test in terms of the variable in eqn. 4.3.1., (fig. 4.3.1)
the slope of the straight lines gives the theoretical
elastic buckling load.

This procedure was used to determine the flexural
buckling load of all the test specimens. 1In some of the
testgs the fallure was very sudden, and in such cases the
buckling load has been taken to be equal to the failure

load. 1In the next section, the results of the colunmn

tests evaluated in this manner will be presented and will
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be compared with various analytical solutions.

4.4 Evaluation of the Experimental Results

4.4.1 Experimental Results

Results of the long column tests conducted in this
investigation, and the relevant results of similar tests
conducted by a few other investigators, will be presented
in this section. The ultimate load and the theoretical
flexural buckling load, computed as described in the pre-
vious section, are presented in table 4.4.1 for all
fifteen specimens tested in this investigation. The
average flexural buckling stress obtained by dividing the
buckling load by the total area is also given in the table.
The slenderness ratio calculated from the effective length
of the column and the radius of gyration of the total

cross section are other values of interest in the table.

32
DeWolf tested pinned-end compression members simi-

lar in shape to the specimens in this investigation

(fig. 3.2.2). The w/t ratios of the unstiffened elements

of the specimens were in the range of 16 to 30. The length

of the specimens were chosen so as to have the overall

flexural buckling occur in the postbuckling range of the

component unstiffened elements. The test set-up and pro-

cedure were the same as described in Section 4.2.4. The
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flexural buckling loads have been assumed to be nearly
the same as the corresponding ultimate load given by
DeWolf32. The specimens' dimensions, properties, and
the results of the tests conducted by DeWolf are given
in table 4.4.2. The numbering of the specimens has been
changed from U- in DeWolf's report to UD- in this report.
Bijlaard and Fisher27 have presented the results of
compression tests on extruded H sections of 755-76
aluminum alloy. They tested three different H sections
having a flat width to thickness ratio (w/t) of unstiff-
ened elements equal to 10.3, 14.3 and 18.14. Correspond-
ing to each of these three sections (J, K and L), columns
of different lengths having a flexural buckling stress in
the postbuckliﬁg range of the component unstiffened ele-
ments were tested. A detailled outline of the tests and
results can be obtained from their publication.27 The
dimensions and the section properties of their specimens

are presented in table 4.4.3 and fig. 4.4.1. The test

results are given in table 4.4.4,

All the test results have been presented in the tables
in a format suitable for comparison to the analytical

solutions to be presented in the following sectiomns.

4.4.2 Comparison of Test Results to AISI Specification

Procedure

In this section, the results of the column tests will
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be compared to the flexural buckling strength of lo-
cally buckling columns determined using the procedure
suggested by the AISI Specification for the Design of
Cold-Formed Steel Structural Members. According to the
specification, the buckling strength is given by the two

following equations as discussed in section 4.1.2.

2 2
0.=0,- (9% &% yhen Loy2T°E

r— Qo
4n2E y
and
2 2
= T _E L.y/2T7E
Gc Ge 737?77 when ?Z Qo
y (4.4.1)

where Q is the form factor defined in section 4.1.2.

Substituting for /an/Oy in equations 4.4.1 from 4.1.5.

2 2
- - (L/x) ]/
Oc/Oy P/Py-Q-%T TE7§T;2 when %ﬁ %(%)

y
and
2
o /o =P/P =££iill_ h L 2 L
<y 2 Ve Dy 44l 2y

In eqn. 4.4.2
q (L/r)y is the slenderness ratio of the

columns for which the Euler buckling stress ig equal to
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the yield stress of the material, P is the flexural
buckling load and Py is the load on the specimen if the
total area of the cross section yields without buckling
locally. For the stub columns tested the ratio of the
ultimate load to the yield load (Pu/Py), which is taken
equal to the form factor Q as in the case of columns with
stiffened elements, and the ratio of the slenderness
ratios (L/r)/(L/r)y are given in table 4.4.5. The values
of Q given in this table are computed from the stub
column test results. 1In table 4.4.6, the values of the
same variables are given for the slender columns tested
in this investigation. Column curves corresponding to
eqn. 4.4.2 are plotted in figs. 4.4.2 through 4.4.6 for
the five values of the form factor Q obtained from the
five different size stub columns tested. The results of
the stub column and the slender column tests are also
plotted in the corresponding figures.

The AISI curves, plotted using the Q values from the
test results, are generally unconservative compared to the
slender column test results. The difference between the
theoretical value and the test results increases as the
flat width to thickness ratio of the unstiffened element
The error on the unconservative side 1s about

increases.

55 percent for sections having unstiffened elements with
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a w/t ratio of about 60 and decreases to about 4 percent
for the sections having unstiffened elements with a

w/t ratio of about 30. It is important to realize that
the curves are drawn for the Q values obtained from the
test results, whereas the Q values calculated on the
basis of the AISI recommendation will be much smaller,
because of the limited use of the postbuckling strength
of the unstiffened elements. AISI curves using the O
values suggested by the AISI2 are also plotted in figs.

4.4.2 through 4.4.6 to indicate the conservative nature

of the existing AISI design procedure.

The AISI eqn. 4.4.1 has been derived from the Column
Research Council (CRC) equation (eqn. 4.1.6) by taking into

account only the reduction in the effective area through

the introduction of the form factor Q. Whereas, as dis-

cussed earlier, the reduction in the effective area leads

also to a reduction in the effective radius of gyration.

This has not been taken into consideration in the eqgn.

4.4.1. Any reduction in the radius of gyration in eqn.

4.4.1 leads to a reduction in the buckling stress. Hence,

when the reduction in the effective radius of gyration is

neglected, one should expect to obtain results of an un-

conservative nature. An increase in the w/t ratio is

accompanied by an increase in the postbuckling range and
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hence a larger decrease in the effective radius of gyra-
tion. Consequently, the AISI equation using the Q values
from the test results should give a more unconservative
result as the (w/t) ratio of the unstiffened element in-~
creases. This reasoning explains the discrepancy between
the AISI curves obtained using the test Q values and the
test results in figs. 4.4.2 through 4.4.6.

In the following sections, theoretical solutions
for the determination of the flexural buckling stress will
be presented which will take into consideration the re-
duction in the effective area, as well as the reduction
in the effective radius of gyration due to local buckling.
These theoretical solutions will be compared to the re-

sults of the tests presented in tables 4.4.1 through 4.4.4.

4.4.3 Comparison of Test Results to Theoretical Solutions

In the second chapter of this report, an analytical
solution was presented for the elastic postbuckling be-
havior of unstiffened elements. As an extension of this,
a method for determining flexural buckling strength will
be presented in this section. The flexural buckling
strength, calculated using some simplifying assumptions
regarding the distribution of the effective area of the
unstiffened elements in the postbuckling range, will also

be presented subsequent to this,
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4.4.3.1 Flexural Buckling strength from Analytical

Solution

The membrane stress in the postbuckling range of the
unstiffened elements, in the direction of the applied
compressive stress (y direction), is given by eqn.
2.3.15b .

oyy=A{(cl+c2)’xxcos%-:l + (6g#6y) o] (2.3.15b)
where Lw is the length of the local buckling waves. A
and the functions GO’ Gl’ GZ’ and G3 are defined in the
second chapter. It was observed in that chapter that the
effective cross section of the unstiffened elements in
the postbuckling range varies along the length of the
wave. The average effective section over the length of a

whole wave should be used to calculate the flexural

buckling strength., The flexural buckling strength was

computed for one column section using the average effec-
tive section and the least effective section at y=L /2
w

and it was found that the difference between the two flex-

ural buckling strengths was small, Since the effective

width equations in the third chapter have been derived for
t = :
he section y Lw/2, the effective area corresponding to

this section will be used in the derivation of the flexural
buckling strength,
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The normal membrane stress at section y=L /2 is
w
o) =0= -
yy|y=LW/2 o A{(GO+G3)’XX (61+6,) L} (4.4.3)
The stress at the supported edge is

- _ 10 2
(o )e A{ % nc0n+2c12+8 (C21+2c24)}

Oe max=qx=0 av
n=4
(2.3.31a)

where constants COn’ Cln’ C2n are defined in the second
chapter, B=2ﬂW/LW and (oav)e is the average membrane stress
over the total area of the element. The ratio of the mem-
brane stress ¢ to the maximum stress Ue max ©am be ob-
tained from eqs. 4.4.3 and 2.3.31la. This ratio is shown
in fig. 4.4.7 for a typical unstiffened element. The
typical redistribution of stress due to local buckling
from the free edge to the supported edge can be seen here.
The redistribution towards tﬁe supported edge increases

as the loading progress into the postbuckling range. The
effective section properties of an element about any axis
can be obtained by using an effective cross section in
which the thickness is varied according to the ratio of

the membrane stress 0 to the maximum supported edge

stress © Thus

e max’
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to (b.4.4)

tA -
- {GO+G G

-G,}
= 3 71 27 ,XX
eff 0e max e max ’

In fig. 4.4.8b, the effective thickness given by equation

4.4,4 18 shown for a typical unstiffened element. Using

this equivalent cross section, the effective section pro-

perties and hence the flexural buckling column curves can

be found, following the steps given below.

1)

2)

3)

4)

In eqn. 4.4.5a Et
the total area of the cross Section.

propertiee vary over the cross section,

cold-formed members,

Assume an average stress over the unstiffened ele-

ments ((oav)e)

Calculate the maximum supported edge stress (0 nax)’

distribution of the effective thickness (t ), the

eff
effective area (Aeff) and the effective moment of

inertia (Ieff)’ using eqn. 4.4.4.

Multiplying the effective area (A ¢g) by the maximum

b_
edge stress (0e max), the total load (P) can be o

tained, from which the average stress over the cross

t 0 =P L]
section ( av /Atotal) can be found
The effective length L corresponding to the load P

can be obtained from the equation

2 2
L= V/W EtIeff =1J/ﬂ EtIeff (4.4.5a)
P

oavAtotal

i
8 the tangent modulus and Atotal is

If the mechanical

as in the case of

eqn., 4.4.5a can still be used by
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introducing the summation of the effective section pro-

perties, Eti’ and Ii,eff of the corner and flat elements.

Eqn. 4.4.5a becomes

2 .n
T™ LE. ,1
L = 1=1 tii,eff (4.4 .5b)

0avAtotal

In eqn. 4.4.5b , all the properties with subscript i
correspond to the ith element and the summation is over
all the elements in the cross section. The tangent moduli
Eti of the elements are calculated at a strain equal to

» wWhere e, is the strain at the supported edge

e
€ max max

of the unstiffened element. 1In the specimens tested, the
corners were sharp bends. Consequently, the effect of
strain hardening due to cold working has been neglected.
The tangent modulus in eqs. 4.4.5a and 4.4.5b had to
be computed before these equations could be used. This
was done using the Ramberg--Osgood58 equations to model the
stress-strain curve of the material. The equation ex-
pressing the relationship between the stress and the strain
could be written as

_ g g,n (4.4.6a)
e = * K (F)

where e is the strain at the stress 0, E is the modulus

of elasticity of the material, and constants K1 and n
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were chosen to suit the material stress strain curve.

The constant K1 ig defined by Ramberg—-0Osgood as,

o]
) 1,1-n 4.4 .6D
R, = 37 () ( )

where 04 is the stress at the intercept of the material
stress strain curve and a line through the origin with

a slope of 0.7 times the Young's modulus E.

For the steel specimens of this investigation and

DeWolf's investigation32, 04 has been taken as the yield

stress of the material and n has been taken to be equal

to 75, since the materials had essentially sharp yield

points. The value of 9, and n for Bijlaard and Fisher's

aluminum specimen were found by curve fitting and are

given in table 4.4.3. The yield stress of these speci-

mens and the modulus of elasticity are also given in the

table. Following the procedure outlined, the column

curves for all the specimens were derived. These curves

will be compared in section 4.4.3.3 to the other approx-

imate solutions to be presented in the next section and

the test results in tables 4.4.1 through 4.4.4.

4.4.3.2 Flexural Buckling Strength from Effective Width

Equations

The analytical procedure outlined in the proceeding



section for obtaining column curves is long and time con-
suming, and is not a feasible method for routine design.
In this section a procedure for obtaining column curves
using the effective width equations will be presented.
Certain simplifying assumptions regarding the membrane
stress distribution in the unstiffened elements is made,
thus reducing the cumbersome computation with very little
loss of accuracy.

DeWolf32 assumed two types of effective cross sections
to compute the effective section properties of compression
members with unstiffened elements. (a) In the first case,
the thickness of the element was assumed to vary linearly
from the actual thickness at the supported edge, to a
reduced thickness at the free edge such that the effective
area was equal to the effective area obtained from an
effective width equation. (b) In the second case, the
whole effective area of an unstiffened element was assumed
to be distributed over a width equal to the effective
width adjacent to the supported edge of the unstiffened
element and the thickness was maintained uniform and equal
to the actual thickness.

In fig. 4.4.8a, the actual stress distribution over
the width of an unstiffened element and the two assumed

equivalent stress distributions are shown. When the flex-
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ural buckling of a member in the postbuckling range of
the component unstiffened elements takes place about an
axis perpendicular to the unstiffened elements and near
the supported edge (e.g. weak axis of an H section), the
former assumption (case a) regarding stress distribution
tends to overegtimate the effective stiffness of the
member, whereas the latter assumption (case b) tends to
underestimate the effective stiffness of the member.
Figs. 4.4.9b and 4.4.9a show the distribution of the
effective area of the unstiffened elements in columns
according to the two assumptions. In figs. 4.4.9a and
4.4.9b, 1t has been assumed that the web remains fully
effective until failure. However, any reduction in the

effective area of the web due to local buckling can be

easily accounted for. The flexural buckling stress cal-

culated on the basis of the distribution of the effective
area as in the case (a) provides an upper bound and that
of case (b) provides a lower bound to the flexural

buckling stress based on the actual stress distribution.

The column curves based on the two assumed equivalent

cross sections can be obtained by following the steps

given below.

1) Select a uniform longitudinal compressive strain e:
b

2) From the stress strain relationship of the material
(eqn.

4.4.6a) determine the tangent modulus E and
t

i



the stress Oi for the flat and corner elements as
outlined in the last section.

3) Determine the effective area of the flat elements
using an effective width equafion.

4) Determine the effective moment of inertia of the sub
elements based on the assumed distribution of the
effective area.

5) Compute the effective area (Aeff=ZAi,eff) of the
column cross section.

6) Compute the total force on the column cross section
(P=ZOiAi,eff) and the average stress (UaV=P/A).

7) Find the length (L) of the column that experiences
the flexural buckling at the load P from eqn. 4.4.5b.

8) Find the L/r from the length L and the radius of
gyration of the total cross section r.

Following the procedure outlined above, the flexural
buckling stress curves for all the specimens were derived
assuming the two equivalent stress distributions (figs.
4.4.9a and 4.4.9b) and using the two effective width
equations (eqs. 3.4.1 and 3.4.5) derived in the third
chapter. In the next section, the results of the tests
presented in the tables 4.4.1 through 4.4.4 will be com-

pared to the theoretical solutions presented in this sec-

tion and the preceding section.
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4.4.3.3 Comparison of Test Results

In figs. 4.4.10 through 4.4.33, the column curves
obtained using the theoretical procedures presented in
sections 4.4.3.1 and 4.4.3.2 are plotted for the test
specimens in tables 4.4.1 through 4.4.4, along with the
corresponding test results. In these figures, the curves
marked "analytical solution” correspond to those obtained
following the procedure outlined in section 4.4.3.1.
Flexural buckling curves have been derived for all the
specimens following the procedure discussed in section
4.4.3.2 using the two effective width equations (eqs.
1.4.1 and 3.4.5) derived in the third chapter. The
effective width equation used is indicated in the title
of the corresponding figure. The stress distributions
assumed for obtaining the effective inertia are in-

dicated in the plots by refering to corresponding dis-

tributions in fig. 4.4.9. The curve corresponding to

the Buler equation 4.1.2 is also drawn in these figures.

The analytical solution curves in figs. 4.4.10 through

4.4.18 do not join the Euler curve within the range of the

figures because, according to the analytical solution, the
decrease in the effective width of the unstiffened elements

begins from the very onset of compressive stress. The

analytical solution curves, however, become asymptotically

very close to the Euler curves within the range of the



Plots. The effective width solution curves, using eqn.

3.4.1 are also plotted in the same figures (figs. 4.4.10
through 4.4.21). There are two curves corresponding to

the two assumed distributions (fig. 4.4.9) of the effec-
tive area of the unstiffened elements (figs. 4.4.10 through
4.4.21). Generally, the analytical solution curves lie
between these two curves corresponding to the effective
width equations, since the actual effective radius of
gyration lies between the two effective radii of gyration
obtained using the two assumed distributions of the un-
stiffened elements' effective area. The analytical solu-
tion curves fall outside the bounds of the curves based

on the assumed distribution of the effective area in some
regions. This can be attributed to the conservative nature
of the effective width equations, when compared to the
effective width from the analytical solution. In general,
the analytical solution curve falls nearer to the curve
obtained by assuming a linear variation of the effective

area (fig. 4.4.9b).
Since, according to the effective width eqn. 3.4.1,
the reduction in the effective width begins only after
the applied compressive étress exceeds a limiting value,
the flexural buckling curves obtained using this equation

merge with the Euler curve above a particular slenderness

ratio. This is true with the curves obtained using the



effective width egn. 3.4.5, though in this case the limit-
ing value of the slenderness ratio is higher (figs. 4.4.22
through 4.4.33).

In general, the results of the compression tests fall
between the two curves corresponding to the two assumed
effective area distributions and are usually nearer to the
curve corresponding to the rectangular distribution (fig.
4.4.9a). Consequently, the flexural buckling stress com=
puted using this effective area distribution (fig. 4.4.9a)
can be expected to yield a conservative and reasonable
estimate of the flexural buckling strength of the com-
pression members in general.

There are certain cases where even this theoretical
result yields an unconservative value of the buckling
strength, as indicated by some of the test points falling
below the curve corresponding to the rectangular distri-

bution of the effective area of unstiffened elements

(fig. 4.4.9a). This happens only for such columns which

have a theoretical flexural buckling stress very nearly

equal to the yield stress of the material. All the theo-

retical solutions have considered only the membrane

stresses in the unstiffened elements and have disregarded

the bending stress due to the local buckling of the ele-

ments. A superposition of the membrane and the bending

compressive stresses in the unstiffened elements may lead

to the yielding of the unstiffened elements at some point



different from the supported édge, even before the stress
at the supported edge reaches the yield stress. 1In such a
case, the stiffness of the yielded portion of the un-
stiffened element drops to a very iow value,whereas this
has not been considered in the fheoretical analysis. 1In
addition to this, the bending of columns below the flex-
ural buckling load, due to initial imperfections, will lead
to an increase in the load on the unstiffened elements
on the concave side of the columns, and this could reduce
the stiffness of the column to a value less tg;n that
computed on the basis of the uniform compression of the
column. The reduction in the flexural buckling stress,
when the theoretical flexural buckling stress is nearly
equal to the yield stress, can be attributed to these two
reasons. It is difficult, if not impossible, to take into
consideration these effects theoretically. A procedure to
approximately accommodate these effects in the computation
of the flexural buckling stress will be presented in the
chapter 6, which deals with the design method of com-
pression ﬁembers.

Some of the test specimens of Bijlaard and Fisher
buckle at the Euler buckling stress, whe;eas the theoreti-
cal ‘solutions indicate a flexural buckling stress less

~than the Euler buckling stress. (figs. 4.4.19 - 4.4.21,
Fﬁ*ﬁ’31 - 4.4,33), This can be attributed to a lower

ﬂ;§t$hé;5fftﬁﬁ‘&ﬁﬁlifudé of initial imperfection of
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specimens' unstiffened elements, whereas a value of
0.2 t was assumed in the derivation of the theoretical

solution and effective width equations.

4.5 Summary and Conclusions

The results of compression tests on members with un-
stiffened elements were presented. This included the re-
sults of the tests conducted in this investigation and
the results of the tests on similar specimens by other
investigators.

An analytical solution to obtain the column curves
of members with unstiffened compression elements buckling
locally, was developed. Theoretical solutions, based on
two types of distribution of the effective area of the
unstiffened elements obtained from the effective width
equations, were also presented. The theoretical solu-
tions were compared with the results of the tests on com-
pression members.

It can be concluded that the flexural buckling
stresses based on the rectangular distribution of the
effective area of the unstiffened elements adjacent to
the supported edge (fig. 4.9.9a) are generally in good
agreement with the test results. The flexural buckling

stress based on the effective width equation 3.4.5 is
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more conservative in the early postbuckling range than
that obtained using egn. 3.4.1, due to the conservative
nature of eqn. 3.4.5 in this range.

In Appendix 2 another method for obtaining the
flexural buckling stress of slender columns with thin
unstiffened elements is presented, which is a modified

form of the CRC procedure.



CHAPTER 5

EFFECT OF LOCAL BUCKLING ON FLEXURAL MEMBERS

5.1 General

Flexural members, subjected either to a uniform
bending moment or bending with a moment gradient, are
commonly encountered in structural applications. Gen-
erally, such members fail either by local buckling of
the flanges in compression or by lateral buckling. The
lateral buckling of thin walled members depends upon the
unbraced length and the radius of gyration of the com-
pression flanges about an axis perpendicular to the di-
rection of the lateral deflection. By choosing these
two factors properly, failure due to lateral buckling can
be avoided, and in such cases local buckling of com-
pression flanges initiates the failure. In this chapter,
failure of flexural members only due to local buckling
of the unstiffened compression flanges will be studied.

Hot-rolled steel sections are proportioned to avoid
the local buckling of compression flanges in the elastic
range. In fact, compact hot-rolled sections can sustain
compression strain up to the strain hardening range of

the material. These sections can be used in the plastic

120
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design of indeterminate structures requiring a large in-
elastic rotation capacity at maximum moment sections in

33,34 have presented an

the structure. M.G, Lay et al
analytical study of wide-flange beams under uniform mo-
ment and moment gradient. They have investigated both the
local buckling of compression flanges and the lateral
buckling. Local buckling of a plate in the inelastic and
the strain hardening ranges has been investigated by
Haaijer26’59. An experimental investigation of the post-
elastic behavior of wide flange beams has been conducted
by Sawyer35 and an experimental investigation of beams
under moment gradient has been carried out by Lukey

et al.37 Experimental and analytical investigations to
study the lateral buckling and the postbuckling strength
of wide-flange beams were performed by Lee and
Galambos.60’6l All these investigations were carried out
to study the behavior of the hot-rolled steel beams.

The compression elements of cold-formed flexural
members are usually thin. Consequently, these elements
often buckle locally in the elastic range, and rarely do
they withstand compression strain in the strain hardening
range. Therefore, the local buckling is of interest only
in the elastic range and the early stages of the inelas-

tic range (prior to strain hardening), in the design of

the cold-formed flexural members. In this chapter, the
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results of tests conducted on cold-formed flexural mem-
bers with unstiffened elements in compression will be
presented and will be compared with the analytical and
effective width equations already derived in the second

and third chapters.

5.2 Flexural Member Tests

5.2.1 Material Properties

Eleven beam specimens were fabricated from four 4
feet by 10 feet sixteen gage high strength steel sheets
to obtain a large elastic postbuckling range. Seven
other beam specimens were formed using two 4 feet by 10
feet twelve gage low carbon commercial grade steel sheets.
Three tensile coupons were tested from each of the six
sheets to obtain the material properties, following the
ASTM Procedure E8-69 on "Tension Testing of Metallic
Materials."47 Tension coupons were also made from the
undisturbed portions of the tested specimens to check the
material properties. The mechanical properties of the
six steel sheets are given in table 5.2.1. The tension
tests generally revealed a sharp yielding stress strain
relationship with yield plateau. Some of the tension
coupons had a proportional limit around two thirds of the
yield stress. However, the departure from linearity was

very small until the yield stress was reached. Strain
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hardening started at an average strain of 0.02 in./in.
for sheets I through 1V and at an average strain of
0.017 in./in. for the sheets V and VI. The average
elongation of a two inch gage length was about 40 per-
cent.

Hans Peter Reck, a former researcher at Cornell
University, tested beams with unstiffened elements in
compression. Results of these tests, not reported so
far, are also included in this chapter. The yield stress
of these specimens are presented in table 5.4.1 along

with the test results,.

5.2.2 Design of Experimental Specimens

One of the objectives of the beam tests is to study
the elastic and the inelastic local buckling of the un-
stiffened compression elements in flexural members. The
beam specimens were designed so that the unstiffened
elements in the members were subjected to compression,

The beam specimens (B-1 through B-18) designed for
this investigation were inverted hat sections (_L_J—)
shown in fig. 5.2.1. The specimens were designed to avoid
fajilure due to lateral buckling, and local buckling of
webs as a result of the combined shear and flexural com-
pressive stress. The webs were also designed to with-

stand the loads without local crippling. The tension and
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compression flanges were designed to minimize the effects
of curling as a result of the beam curvature. The dimen-
sions of the specimens, from direct measurement, are
listed in table 5.2.2. Reck's specimens (UP-9 through
UP-12) were I sections, the geometry of which is shown

in fig. 5.2.1b and the measured dimensions are listed in
table 5.2.2. The dimensions are the average of the
measurements at various sections along the length of the
beams. The thickness of the specimens varied slightly ove:
the length of the specimens. All the other dimensions
also varied over the length of the beam due to the forming
process. All the inverted hat specimens were formed

using a sharp die and the inside radius of the bends has
been taken to be zero. The radius of the bend of Reck's

specimens is listed along with the other dimensions in

table 5.2.2.

5.2.3 Fabrication and Instrumentation

The inverted hat specimens were fabricated by press
braking steel sheets of proper dimensions to the desired
shape. The I sections were fabricated by riveting two
press brake formed channel sections back to back. All
the specimens were formed with their axes parallel to the
rolling direction of the sheets. The specimens were cut

to lengths a few inches longer than the center to center
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distances L, of the supports given in table 5.2.2.

Diaphragm stiffeners were welded to the specimens
at the load and support points as shown in fig. 5.2.1.
The specimens were loaded with two equal concentrated
loads equidistant from the supports. The distances from
the support center line to the load center line (LS) are
also given in table 5.2.2. The length of the uniform
moment region was chosen to minimize the effect of res-
traint at the load points, on the local buckling of the
unstiffened compression flanges. When required, diaphragm
stiffeners were provided also in the uniform moment region
of the inverted hat sections, to prevent lateral buckling
prior to failure.

Strain gages were glued to the specimens, parallel
to the longitudinal direction of the beams, as shown in
fig. 5.2.1c. In the case of specimens failing in the
elastic range, two pairs of SR-4 A9 gages (6 inch gage
length) were glued to the tension and compression flanges
near the intersection of the webs and the flanges at the
center section of the beams. Six pairs of SR-4 Al2 gages
( 1 inch gage length) were glued to the tension and com-
pression flanges near the intersection of the webs and
flanges in the uniform moment zone, for specimens fail-

ing in the inelastic range, to determine the distribution
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of strains along the length of the beams in the uniform
moment region. In all the specimens, a few pairs of

SR-4 Al2 strain gages were glued to both faces of the
unstiffened élements in the uniform moment region near
the free edges, as shown in fig. 5.2.1. These gages were
used to center the specimens in the testing machine and

to determine the local buckling load.

5.2.3 Experimental Set-Up and Procedure

The beam specimens prepared as described in the pre-
ceding section were tested in a Baldwin hydraulic testing
machine. The beams were subjected to a uniform bending
moment in the middle using two concentrated loads at equal
distance from the supports. The two concentrated loads
were transmitted through a centrally loaded spreader beam.
A diagram of the test set-up is shown in fig. 5.2.2.

Initially, the beams were loaded to approximately
one third to one half the local buckling load or yield
load, whichever was lower, in order to check the center-
ing of the specimens. The symmetry of the loading was
confirmed by the uniformity of increase in the strains
at different sections in the uniform moment region. After
the centering was completed, the load was reduced to a

small value of 200 pounds to start the test.
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The specimens were instrumented to measure the de-
flection at mid span and any settlement at the supports
as shown in fig. 5.2.2. The slopes of the beams at two
sections near the two load points were measured using
two inclinometers as indicated in fig. 5.2.2. These in-
clinometers were a combination of a small level and a
micrometer. In addition to the instrument shown in fig.
3.2.4, dial gages were also located at the center section
near the free edges of the unstiffened elements, to
measure the maximum amplitude of the elastic local buck-
ling waves.

The beams were loaded in small increments. All the
dial gage, strain gage and inclinometer readings were re-
corded after each load increment. In spite of the low
rate of the load increment, a certain relaxation, in~
dicated by a drop in the load after the loading valves
were shut, was inevitable in the advanced postbuckling
stages and in the inelastic range. During the relaxation,
there was little change in the dial gage readings and the
strain gage readings changed slightly. When the test was
continued, the load drop was immediately recovered. The
load was increased by a smaller amount near elastic local
buckling and near failure to determine these values as

accurately as possible. Failure was defined as the attain-
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ment of a maximum load and the onset of load shedding.
There were about twelve sets of readings taken before
failure and one set of readings was taken soon after the
load shedding.

A picture of the loading set-up is shown in fig.
5.2.3. Evaluation of the test results will be presented

in the following sections.

5.3 Background for Evaluation of Experimental Data

Before evaluation and discussion of the experimental
results, background information for the evaluation of
the experimental data will be presented in this section.
This will cover the procedures fbr determining the local
buckling stress, the effective width in the elastic post-
buckling range and at the ultimate load, from the ex-
perimental data.

The local buckling stresses were determined using
the strain gages located at the free edge of the unstiff-
ened compression flanges, following the modifiea surface
strain reversal method. This method assumes the load
corresponding to the reversal of compressive strain in-
crement in the gages on the convex side of the unstiff-
ened element local buckling waves to be the 1local

buckling load. A more detailed description of this method

is presented in section 3.3.1.
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At the center section of the beams, the bending mo-
ment (M), the tensile strain (et) and the compressive
strain (ec) in the flanges near the intersection with the
webs, can be determined from the test data. An effective
width can be calculated using any two of the three values.
Consequently, one can compute three values for the
effective width from the three sets of independent values
corresponding to each loading stage. Due to experimental
error, the three values of the effective width are not
the same. Since the tensile strain is usually insensi-
tive to a change in the effective width of the com-
pression flange, the effective width based on the mo-
ment (M) and the tensile strain (et) is unreliable.

Among the other two combinations (eC—M and ec—et) which-
ever indicated an effective width nearly equal to the full
width in the early loading stages was used to obtain the
experimental effective width of the unstiffened com-
pression elements in the postbuckling range. The stiff-
ness of beams B-1 and B-2 at the early stages of loading,
calculated using experimental data, was smaller than the
theoretical stiffness based on the measured dimensions.
This difference could not be attributed wholly to the re-
duction in the effective width of the unstiffened com-
pression elements due to initial waving. Consequently,

all the measured dimensions of these two beams were re-
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duced by four percent. These revised dimensions, and
not the measured dimensions, are given in table 5.2.1.
Although smaller load increments were used near the
ultimate load, it was usually difficult to take readings
right at the ultimate load. Therefore, readings were
taken just prior to the ultimate load and at the early
stage of load shedding. The strain and dial gage read-
ings at the ultimate load were obtained from the read-
ings at these two adjacent loads, by interpolation.
Strain gages were glued at three sections in the
uniform moment region, in the case of beams with com-
pression elements buckling locally in the inelastic
range (fig. 5.2.1d). Even though in the early stages of
loading, the strain increments in these gages were uni-
form, indicating a uniform moment region, just prior to
the failure the strains at sections near the load points
generally increased at a faster rate than the strains at
the center section. Finally, the failure took place near
one of the load points by the formation of a permanent kink
in the compression element. This faster rate of strain
increment near the load points can be attributed to the
local effects of the concentrated load. In such cases, the

strain at the center section has been used as the ultimate

strain in the evaluation.
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5.4 Evaluation of the Experimental Results

5.4.1 Experimental Results:

Moment Curvature Relationship

Figs. 5.4.,1 and 5.4.2 show the typical moment cur-
vature relationship at the center section of two beams
B-4 and B-16 respectively. Beam B-4 has a local buckling
stress less than the yield stress and an elastic post-
buckling range in which the effective width of the un-
stiffened compression flanges is less than the actual
width. In the early prebuckling range, the theoretical
curve based on the full section, and the experimental
curve coincide. However, above a certain moment the ex-
perimental curve becomes non-linear, due to a reduction
in the effective stiffness of the cross section, and de-
parts from the fully effective section curve. The exper-
imental stiffness decreases monotonically as the bending
moment increases. Failure takes place when the compressive
stress near the flange web intersection, which is the max-
imum compressive stress in the locally buckled compression
flange, is nearly equal to the yield stress of the material
The maximum moment at failure is less than the yield mo-
ment of the fully effective section, and at failure the
flexural stiffness of the beam is zero. This has been

found typical of all beams having an elastic postbuckling
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range, though the reduction in stiffness just prior to
failure is more drastic in the case of beams with a
larger (w/t) ratio.

Beam B-16 has an unstiffened compression flange of a
low (w/t) ratio, and consequently has a theoretical local
buckling stress larger than the yield stress of the ma-
terial. The unstiffened compression element buckles lo-
cally in the inelastic range at a strain less than the
strain hardening strain, and the section can withstand
bending moments larger than the yield moment of the fully
effective section (fig. 5.4.2). 1Increase in the load
carried by the beam beyond the local buckling of the un-
stiffened compression flange in the inelastic range 1is
negligible, because the load shedding begins almost
immediately after the local buckling. Since an inelas-
tic deformation of the order of the strain hardening
strain is required before the plastic moment capacity M
of the section can be developed, the moment at failure is
less than the plastic moment capacity of the section (Mp)-
The theoretical moment curvature relationship of the fully
effective section is also drawn in fig. 5.4.2. The ex-
perimental curve deviates from the theoretical curve just
prior to the yield moment, indicating a reduction in the
experimental stiffness. This can be attributed to the

effects of initial imperfections, and the non-linearity of
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the stress strain relationship prior to the yield stress.
The flexural stiffness decreases monotonically with
increase in the bending moment and becomes zero at fail-
ure. This behavior has been typical of beams with com-
pression elements buckling in the inelastic range.

The theoretical yield moment (My)’ the theoretical
plastic moment capacity (Mp) and the experimental ul-
timate moment (Mu) are given in table 5.4.1 for all the
beam specimens. Except for the beams B-17 and B-18, all
the beams have an ultimate moment Mu less than the plastic
moment capacity Mp. The beams having an elastic post-
buckling range fail even before reaching the yield moment
M of the fully effective beam sections. The ultimate
moment of the beam B-17 is four percent higher than the
plastic moment capacity of the specimen, and that of B-18
is 8 percent higher than the corresponding plastic moment
capacity. The effect of increase in the yield stress of
corners due to cold-forming has been neglected in all
calculations so far, on the basis of the assumption that
the area of corners is small. Whereas, in the case of
beams B-17 and B-18, the ratio of the area of corners to
the area of compression flanges is nearly equal to 10 per-
cent. The ultimate moment (Mu) of these beams having a
value greater than the ultimate moment capacity of the

beams (M ) can be due to a combination of increase in the
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yield stress at corners as a result of cold-forming and

general experimental scatter.

Load Deflection Relationship

A typical load deflection curve of a beam (B-15)
is shown in fig. 5.4.3. Here again, the stiffness of
the beam is linear in the elastic range and is equal to
the stiffness of the fully effective section. However,
the experimental curve departs from the theoretical line
before the yield load is reached, which is attributable
to the effects of initial imperfections and the non-
linearity of the stress strain curve just prior to
yielding. The stiffness continues to decrease in the in-
elastic range and becomes zero at the failure load, which
is reached almost immediately after the local buckling of
the unstiffened elements in the inelastic range. Loads
corresponding to the beginning of yielding in the uni-
form moment region and the formation of a plastic hinge

(M = Mp) are also indicated in fig. 5.4.3.

Local Buckling and Postbuckling Properties

The experimental local buckling coefficient K for

beams having an elastic postbuckling range, computed as

discussed in the previous section, are given in table 5.4.

The stress at the supported edge of the unstiffened ele-

ments and the effective width of the elements at the ul-



timate load are also given for these specimens in table
5.4.2. The compressive strain (ecu) at failure in the
unstiffened elements of the beam specimens are pre-
sented in table 5.4.3. These experimental results, along
with the subultimate effective widths computed from the
experiments, will be compared with the analytical solu-

tions in the following sections.

5.4.2 Elastic Local Buckling and Postbuckling Behavior

of Unstiffened Compression Flanges

In this section, the experimental local buckling
and postbuckling behavior of the unstiffened compression
flanges in the beam specimens will be compared with the
analytical solutions derived in chapters 2 and 3.

It was shown that the local buckling stress of the
unstiffened elements depends upon the rotational edge
restraint provided by the supporting elements. It was
easy to compute the rotational edge restraint for the
compression members, because of a uniform stress distri-
bution over the cross section. In the case of flexural
members, only that area of the section on the compression
side of the neutral axis is subjected to compression.
Consequently, the rotational edge restraint based on a
uniform compression over the whole cross section will be

somewhat conservative for beams since the compressive
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stress reduces the stiffness of the supporting elements.
The rotational edge restraint based on no compressive
stress at all on the supporting elements will yield an
unconservative value of the rotational edge restraint,
since the compressive stress on part of the web is disre-
garded. However, for specimens in this investigation,

the effect of the compressive stress on the web will be
negligible, since the webs were designed to be suffi-
ciently stiff under the compressive stress gradient.

The length of the local buckling waves is another fac-
tor influencing the stiffness of the supporting elements.
Although the stiffness increases with a decrease in the
wave length, it has been found25 that assuming the wave
length to be infinity in the computation of the rota-
tional edge restraint, has a negligible effect on the
value of the buckling coefficient of the unstiffened ele-
ments. This assumption on the conservative side is partly
offset by the slightly unconservative result of disregard-
ing the compressive stress on the supporting elements.
Hence, an infinite length of the local buckling waves and
no compressive stress on the supporting elements are
assumed in computing the rotational edge restraint at the
supported edge of the unstiffened compression flanges,
Based on this assumption, the rotational edge restraint

factor (sR=(w/D')x(Ms/GS)) for hat sections can be shown
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to be equal to

_ 2BC(3BT+2D)
R D(2BT+D)

(5.4.1)

where all the dimensions are indicated in fig. 5.2.1la.
Variables MS and BS are the moment and the corresponding
rotation at the supported edge of the element and D' is
the flexural rigidity of the unstiffened element. Simi-
larly, for an ideal I section of dimensions shown in fig.
5.2.1b and having an integral web, the rotational edge

restraint factor can be derived to be

€ = 12xBC/D (5.4.2a)
ideal

The rotational edge restraint factor of unstiffened ele-
ments in the individual channel sections, of which the I

sections are made, is given by
€, = 3xBC/D (5.4.2b)

The rotational edge restraint factor of the actual I

section has been taken to be the average of an ideal I

section rotational edge restraint factor €1 and a
ideal
channel edge restraint factor €+
er = (gq + g;)/2 = 7.5BC/D (5.4.2¢)

ideal
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For a perfectly flat unstiffened element, as long as the
local buckling stress is in the elastic range, one can
calculate the local buckling coefficient K assuming a
completely elastic behavior, either from equation 2.2.8b
or from the curve Ke in fig. 2.2.2. However, in an
actual unstiffened element, having an elastic local
buckling stress near the yield stress of the material,
the superposition of the flexural compressive stress due
to initial imperfections and the membrane compressive
stress may cause a partial yielding of the unstiffened
element. In such cases, the buckling coefficient of the
element will be given by a value in between the elastic
value (Ke) and the plastic value (KP), given by eqn.
2.2.20 and fig. 2.2.2. 1In table 5.4.2, both the elastic
and the plastic buckling coefficients Ke, Kp of the un-
stiffened compression flanges of test specimens are pre-
sented. The experimental buckling coefficient is nearer
to the theoretical elastic buckling coefficient Ke for
larger values of the ratio of the yield stress to the
critical stress (Oy/Gcr), and as the local buckling stress
approaches the yield stress of the material, the experi-
mental local buckling coefficient K approaches the theo-
retical plastic buckling coefficient Kp. The specimen
UP-12 has a low buckling coefficient due to some inex-
plicable reason, and this test result has been dropped

from further consideration.
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Ratios of the effective width to the actual width
(be/W)’ the yield stress to the local buckling stress
(Oy/ccr), and the average compressive stress inm the un-
stiffened element to the local buckling stress (Oav/ocr)
at the ultimate load of the beam specimens are presented
in table 5.4.2. These values were also computed at the
subultimate loads for all the specimens and are plotted
in fig. 5.4.4 along with the values at the ultimate load.
The orindate in the figure is the ratio of the average

compressive stress in the unstiffened compression flange

to the local buckling stress (Ga

/6 ) and the abscissa
viTer

is the ratio of the maximum supported edge stress in the
unstiffened flange to the local buckling stress

(vo /o ).

€ max cT

The two effective width equations derived in the

third chapter for unstiffened elements are given below.

b (1-B.)

e 1

_€ _ + Jh

w Oe max Bl (3.4-1)

(_—5——— + B2)
cr

where

B, = 0.326 + 0.086K>

B2 = 0,378 - 0.768(K—1.18)4
and

- Y
x(1.0 0.298 Ocr/oe max) (3.4.5)

1.19/ccr/oe na



140

Expressing be/w in terms of cavloCr using eqn. 2.3.34b

in the above two equations, we obtain two equations in

terms of Oav/oCr andJGe max/gcr' Curves corresponding
to these two equations are also plotted in fig. 5.4.4
for comparison with the test results. Two curves
corresponding to eqn. 3.4.1 are plotted for two values
of the buckling coefficient K (K = 0.95 and 0.6), be-
cause the buckling coefficients of the unstiffened
elements in the test specimens were in

this range. All

the subultimate points in the plot are on the conser-

vative side of the two effective width equations. This
can be attributed to the average nature of the sub-
ultimate supported edge strain measured from the exper-
iments, whereas the effective width equations have been
derived for the section having the maximum edge strain in
the element. The test points at the ultimate load are
generally located nearer to the curves corresponding to
the two effective width equations.

In fig. 5.4.5, the curves corresponding to the two
effective width equations are again plotted with the ratio
of the effective width to the actual width (be/w) as or-
dinate and the ratio of the maximum edge stress to the
critical stress (0e max/ocr) as abscissa. The test pointsg
at the ultimate load are also plotted in this figure. 1

general, there is a reasonably good correlation between

the test results and the two effective width equations.
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In table 5.4.2, the theoretical effective widths of
the test specimens at the ultimate load, computed using
the two effective width equations, have been presented
for comparison with the experimental results. The
effective width eqn. 3.4.1, based on the analytical
solution of Chapter 2, overestimates the effective width
by about 15 percent for unstiffened elements with a large
w/t ratio and underestimates the effective width by about
1 percent for unstiffened elements with a small w/t ratio.
The effective width equation 3.4.5, having a format sim-
ilar to the AISI equation for the stiffened elements,
underestimates the effective width of the unstiffened
elements having a large w/t ratio by about 6 percent and
overestimates the effective width by about 4 percent for
unstiffened elements with a small w/t ratio.

As the flat width to thickness ratio (w/t) of un-
stiffened elements decreases the local buckling stress
(Ocr), hence the ratio of the effective width to the
actual width (be/w) at ultimate load increases. Below
a particular value of the w/t ratio, the elements re-
main fully effective up to the yield stress and this

limiting value of the w/t ratio will be discussed in the

following section.

5.4.3 Limiting Flat Width to Thickness Ratio

When the ratio of the flat width to the thickness
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(w/t) of unstiffened elements is less than a limiting
value, the elements can withstand a compressive stress
up to the yield stress without any perceptible reduction
in the effective width of the element. This can be ob-
served in table 5.4.1, where beam specimens having a low
w/t ratio fail at moments higher than the corresponding
yield moment. Since the beam specimens have been de-
signed to yield in the compression flange first, a value
of the ultimate moment higher than the yield moment in-
dicates the complete yielding of the compression elements
without any appreciable reduction in the effective width.
The limiting value of the w/t ratio can be obtained
from the effective width equations by setting the ratio
be/w equal to one, substituting Gy for O nax’ and sub-
stituting for the local buckling stress Ucr the following

equation

KﬂzE

12(l—u2)(w/t)2 (1.2.1a)

C =
cr

From eqn. 3.4.1

(wW/it) im = /n? E(1-B,)/12 (1-u?%) /g/oy (5.4.3)

Similarly, from eqn. 3.4.5

(w/t) . = /0.3547% E/12(1-u?) /&/oy (5.4.4)
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In fig. 5.4.6, the ratio of the ultimate moment to the
yield moment (Mu/My) is plotted against the parameter
((w/t)/5;7f) for all the test points. When the ratio
(Mu/My) is greater than ong, the unstiffened compression
element is fully effective even up to the yield stress,
since the yielding begins in the compression flange.
The limiting values of the parameter ((w/t)/E;TR), com-
puted using eqs. 5.4.3 and 5.4.4 are also plotted in
fig. 5.4.6. The limit corresponding to eqn. 5.4.3
seems to agree reasonably with the test results, and the
limit corresponding to the eqn. 5.4.4 is conservative.
Members having the unstiffened elements in com-
pression can be designed for the yield strength of the
total cross section, as long as the w/t ratio of the
unstiffened elements is less than the limiting value of
the w/t ratio. 1If the w/t ratio is larger than the
limiting value, the strength of the effective cross sec-
tion obtained using the effective width equation is to
be used in the design. Unstiffened compression elements,
having w/t ratio less than the limiting ratio (W/t)lim’
can withstand inelastic strain before failure due to local
buckling. The inelastic strain capacity of unstiffened

compression elements will be discussed in the next section.

5.4.4 1Inelastic Strain Capacity of Unstiffened Com-

pression Elements

It was observed that due to low width to thickness
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ratio, unstiffened compression elements in hot rolled
steel sections can in general withstand compressive
strains as high as the strain hardening strain, whereas
unstiffened elements in cold-formed steel members gener-
ally buckle locally in the elastic range, or in the in-
elastic range at strains far less than the strain harden-
ing strain. 1In the last section, expressions for the
limiting value of the w/t ratio, below which the un-
stiffened elements remain fully effective up to the yield
stress, were derived. In steel flexural members having
unstiffened elements with w/t ratios less than the
limiting value, local buckling takés place in the Plastic
range and the ultimate moment is larger than the yield
moment of the section, as a result of the partial plasti-
fication of the webs. Flexural members in table 5.4.1
with the unstiffened compression elements having a w/t
ratio of about 8, fail at a moment as high as fifty per-
cent above the yield moment. At moments larger than the
yield moment, beam sections experience inelastic rotation,
and this could also be used to redistribute moments from
the maximum moment section to other sections in indeter-
minate structures. In order to use this reserve load
carrying capacity beyond the yield load, one needs to
know the extent of inelastic strain that can be sustained

by the unstiffened elements before failure. In this sec-
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tion, the plastic strain capacity of the unstiffened
elements in steel flexural members will be discussed.

The compressive strain in unstiffened flanges near
the intersection of webs and flanges of beam specimens
at the ultimate load is given in table 5.4.3. If an
unstiffened element buckles locally in the elastic
range, then the failure is assumed to occur when the
maximum strain at the supported edge of the element is
nearly equal to the yield strain of the material.
However, it can be seen from the results presented in
table 5.4.1, that when the elastic local buckling strain
is nearly equal to the yield strain, the strain at the
supported edge at failure can be larger than the yield
strain of the material. This has also been observed by
other researchers.31

It was perceived during the tests that the beams fail
almost immediately after local buckling in the inelastic
range. Consequently, there should be some correlation
between the plastic local buckling strain and the ultimate
strain capacity of the unstiffened compression flanges
in the beam specimens. In the second chapter, an ex-
pression was derived for the plastic buckling strain of
unstiffened elements having an elastic perfectly plastic

stress strain relationship. The equations for the plastic

buckling strain is
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2
i
P12(1-p?) (w/t) >

(e ) =K

cx’p (2.2.14)

Two curves representing the equation for two limiting
values of Poisson's ratio (¢ = 0.3, 0.5) are plotted in
fig. 5.4.7 in terms of the wvariables (ecr)p/Kp and

(w/t). The ultimate compressive strain capacity of the
test specimens, given in table 5.4.3, is also plotted

in fig. 5.4.7 in terms of the same variables. The test
points generally fall on the conservative side of the
curve corresponding to a value of Poisson's ratio of 0.3.
The degree of conservatism increases as the inelastic
buckling strain approaches the yield strain of the
material. This may be attributed to the larger differ-
ence between the ultimate strain and the local buckling
strain in the early stages of the inelastic range. How-
ever, the effect of initial imperfection 1is also larger

in this region. Consequently, based on the limited ex-
perimental evidence, eqn. 2.2.19 with a value of Poisson's
ratio of 0.3, seems to yield a realistic and conservative
value of the inelastic strain capacity for elements having
a (w/t) ratio below the limiting value. Elements having

a (w/t) ratio larger than the limiting value can be
assumed to fail when the supported edge strain is equal to

the yield strain of the material.
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5.5 Summary and Conclusions

The effect of elastic and inelastic local buckling
in flexural members has been dealt with in this chapter.
Results of beam tests with unstiffened flanges in com-
pression have been presented.

The test results have been compared with the two
effective width equations derived in the third chapter.
Expressions for the limiting value of the flat width to
thickness ratio ((w/t)lim) were derived and compared with
the test results. The inelastic compressive strain
capacity of beams with the unstiffened compression
flanges buckling locally in the inelastic range has been
compared with the theoretical plastic buckling strain of
the unstiffened elements.

The two effective width equations were found to
yield a conservative and reasonable result in the pre-
ultimate range of the postbuckling behavior of the test
specimens and they were found to exhibit a reasonably
good correlation at the ultimate load. The expressions
for the limiting value of the (w/t) ratio agreed well
with the test results, eqn. 5.4.4 yielding a more conser-
vative limit. The plastic buckling strain calculated
using the value of Poisson's ratio of 0.3 in eqn. 2.2.19
yields a conservative, yet reasonable, value of the

plastic strain capacity of the unstiffened elements buck-
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ling in the inelastic range.



CHAPTER 6

POSSIBLE DESIGN METHOD

6,1 General

Based on the analytical equations derived in the
preceding chapters and the comparison of these equations
to the test results, design formulations for members
having unstiffened elements in compression will be pre-
sented in this chapter.

The Specification for the Design of Cold-Formed
Steel Structural Members2 recommends a limiting com-
pressive stress on the unstiffened elements in order to
prevent excessive out of plane deformations in the post-
buckling range. The stiffened elements on the other
hand, are designed using an effective width equation
which makes complete use of the available postbuckling
strength with a factor of safety.

On the basis of the evidence given in the preceding
chapters, effective width equations will be presented
for the design of the unstiffened elements. An equation
will also be presented for computing the maximum ampli-
tude of the out of plane deformation of the unstiffened
elements in the postbuckling range. On the basis of the

experimental and analytical evidence, it can be stated

149
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that the amplitude of the out of plane deformation of
elements having a small or moderate w/t ratio 1is in-
consequential as long as there is a small rotational
edge restraint available at the supported edge of the
unstiffened elements.

Procedures for the design of flexural and com-
pression members using the effective width equations

will also be presented in this chapter.

6.2 Local Buckling of Unstiffened Element

6.2.1 General

A bifurcation type of local buckling is encountered
only in the case of ideally flat elements. Unstiffened
elements in practice begin to experience out of plane
waving even before the applied compressive stress ex-
ceeds the theoretical local buckling stress. However;
it was demonstrated that the amplitude of the local
buckling waves increases at a faster rate only near the
theoretical local buckling stress. Besides, the theo-
retical local buckling stress has been found to be an
important parameter in the representation of elastic
postbuckling behavior. Moreover, local buckling of un-
stiffened elements in the plastic range is almost

immediately followed by the failure of the unstiffened



151

elements. Consequently, computation of the theoretical
local buckling stress is the first step in the design
of members with unstiffened elements in compression.
The theoretical elastic and inelastic local
buckling stresses are functions of the flat width to
thickness ratio (w/t) of the unstiffened elements and
a parameter K, known as the local buckling coefficient
(egqn. 1.2.1a). The local buckling coefficient K, in
turn, is a function of the rotational edge restraint
factor € as illustrated in fig. 2.2.2, The derivation
of the relationship between K and € is given in section
2.2.1 and 2.2.2. The rotational edge restraint factor
depends upon the relative stiffness of the supporting
elements and the unstiffened element and consequently
on the dimensions of the cross section and the stress
on the component elements. In the following section,
a procedure for computing the value of the rotational

edge restraint factor will be presented.

6.2.2 Rotational Edge Restraint Factor

In the derivation of the equation for the local
buckling stress of unstiffened elements (sec. 2.2.1 and
2.2.2), the moment at the supported edge of the element
M_, and the angle of rotation ¢r were assumed to be pro-

portional and the coefficient of proportionality (Cr

=Mr/¢r) was assumed to depend on the dimensions of the
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restraining elements. However, it was not mentiomned
that the coefficient of proportionality Cr also depends
upon the compressive stress acting on the restraining
element. It is obvious that if both the restraining
element and the unstiffened element buckle at the same
stress, there is no rotational restraint, and the ele-
ments behave as plates simply supported along the
common unloaded supported edges. The effect of the
compressive stress on the stiffness of the restraining
element diminishes rapidly as the stiffness of the
restraining element increases.

An exact solution to the stability problems is
possible, though very tedious. Applying the principles
of the moment distribution method to long plate
assemblies, Lundquist, Stowell and Schuette62 have de-
veloped a procedure for the solution of the stability
of plate assemblies. An approximate method of obtaining
the rotation edge restraint, presented by Bleichzs, is
based on the assumptions that the edges where the plates
join remain straight and all plates joining at an edge
rotate by an equal angle during local buckling. Bleich
derives equations for the rotational restraint of
supporting elements, initially disregarding the effect
of compressive stress and later makes proper adjustment

for the compressive stress by means of a correction
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factor. This procedure will be used in this section
to determine the rotational edge restraint of unstiffened
elements.

The restraining element may either be a stiffened
element as in the case of channel, I and inverted hat
(-L_I—) sections, or an unstiffened element as in the
case of angle and T sections. Consequently, the pro-
blem is one of deriving equations for the rotational
restraint provided by stiffened and unstiffened elements,

which will be done in the following sections.

6.2.2.1 Channel and I Sections Subjected to Uniform

Compression

In this section, the rotational edge restraint
factor of unstiffened elements, due to the restraint
from the stiffened elements in I and channel sections
subjected to uniform compression, is derived. The
buckled configuration and the free body diagrams of the
individual elements under this deformed state of I and
channel sections are shown in fig. 6.2.1a, assuming that
the unstiffened flanges are restrained by the web.
Disregarding the effect of compressive stress on the
restraining element stiffness, the coefficient of pro-
portionality Cr between the moment Mr and the angle of

rotation ¢r at the supporting edge is given by
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Cr = Mr/(br = 2Dr/Br (6.2.1)
where Dr and Br are the flexural rigidity and width of
the restraining element. The value Cr obtained from
eqn. 6.2.1 is conservative, since the buckling wave
length has been assumed to be infinity. The rotational
edge restraint factor (e = Cprb/Db) of the unstiffened

elements can be calculated using eqs. 6.2.1 and 2.2.5 as

= r =—-——-——=——-—£ b
€= N N. D. B x (T (6.2.2)

where Bb’ Db and tb are respectively the width, flexural
rigidity and the thickness of the buckling element,

t. is the thickness of the restraining element and Nb

is the number of locally buckling unstiffened elements

of equal stiffness joining at the junction. For example,

the value of Nb is equal to one in the case of Z and
channel sections and is equal to two in the case of 1

sections. In eqn. 6.2.2, the effect of compressive stress

on the restraining element has been disregarded. If

the local buckling stress of the restraining element is
equal to the local buckling stress of the buckling ele-
ment, then the rotational edge restraint is zero.

Con-

sequently, the effect of the compressive stress on the

restraining element can be approximately taken into
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account by multiplying eqn. 6.2.2 by a correction factor
r which becomes zero when the local buckling stress of
the restraining and the buckling element is the same.25

The local buckling stress of the restraining and

buckling elements are given by

2

Krﬂ E
(0, )_ = (6.2.3a)
e’y e’
KbﬂZE
(o), = (6.2.3b)

12(1-u%) (B /1)

where Kr and Kb are the buckling coefficients of res-
training and buckling elements respectively. The

correction factor r, which has to satisfy the following

condition

r =0
when (Ocr)b/(ocr)r =1
and r > 1

L2,

as (Ocr)b/(acr)r > 0 (6 3¢c)
can be written as

r = l_(ocr)b

(Ocr)r

2.2, 2.2
= 1-(K /R ) (t, "B "/t "B ") (g.2.3q)
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For the hinged support condition

K= 4.0

and

~
"

0.425 (6.2.3e)

Substituting the values of the buckling coefficients
from eqn. 6.2.3e in 6.2.3d, the correction factor r for

this case becomes

) 2.2, 2.2
r = 1-(0.425/4.0) (£, “B "/t "B, %) (6.2.3f)

Thus the equation for the rotational edge restraint
factor £ corrected for the effect of compressive stress

on the restraining element can be written using eqs.

6.2.2 and 6.2.3f as

2 3 2 2
Nb(tr/tb) (Bb/Br)ll—o.loﬁ(tb/tr) (Br/Bb) ]

£ =

when ¥ > 0 (6.2.4)

Eqn. 6.2.4 1is valid only when the local buckling stress
of the restraining element is greater than or equal to
the local buckling stress of the unstiffened element,
that is, when the correction factor r given by eqn.

6.2.3 is greater than or equal to zero. Even though
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this investigation is concerned only with sections in
which the unstiffened elements are restrained by a
stiffened element, for the sake of completeness the ro-
tational edge restraint factor, when the stiffened ele-
ments buckle first, will also be presented. An approx-
imate equation for the value of €, when r<0 can be

. 2
written as >

sz
3

B
b 2 2

3 [1-9.4(tr/tb) (Bb/Br) ] (6.2.5)

b r

when

r <0

Bleich25 shows that the local buckling stress cal-
culated using these approximate values of the rotational
edge restraint factor £ given by egs. 6.2.4 and 6.2.5

compare well with the more exact solution of Lundquist

et al.62

Following the same procedure, an equation for the
rotational edge restraint factor € of unstiffened ele-

ments in flexural members will be derived in the follow-

ing section.

6.2.2.2 Channel and I Sections Subjected to Uniform

Bending

In the preceding section, equations for the rota-

tional edge restraint factor € were derived for I and
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channel sections subjected to a uniform compressive
stress, as in columns under axial load. Following the
procedure outlined by Bleich25 for uniformly compressed
member, equation for the rotational edge restraint fac-
tor €, when these cross;gections are subject to a uni-
form bending moment causing a uniform compressive stress
in the unstiffened elements, is derived in this section.
The distribution of the flexural stress over the
cross sections, the distorted shapes due to local
buckling and the freebody diagrams of the elements in-
dicating moments at the common edges are shown in fig.
6.2.1b. The unstiffened compression flanges are assumed
to be restrained by the web elements. The effect of
the moment at the intersection of the temsion flange
and web on the rotational edge restraint factor € of the
unstiffened compression element is very small, and is
disregarded. Assuming conservatively the buckling wave
length to be infinity, the coefficient of restraint Cr
of the web not including the effect of(compressive

I

stress on the web is

Cr = Mr/¢r

3Dr/Br (6.2.6a)

where Dr and Br are the flexural rigidity and the width
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of the restraining element respectively. Using eqn.
6.2.6a, the rotational edge restraint factor € of the
unstiffened element, not including the effect of com-

pressive stress on the web, can be written as

m
1

Cer/NbDb

3Der/NbDbBr

it

2
(3/Nb)(tr/tb) (Bb/Br) (6.2.6b)

where all the dimensions are shown in fig. 6.2.1lb and
Nb is the number of locally buckling unstiffened
flanges of equal stiffness restrained by the web at the
junction.

Again the effect of compressive stress on the
restraining web can be taken into account approximately
by using the correction factor given by eqn. 6.2.3d.

The buckling coefficient K. of a hinged unstiffened

b
element is equal to 0.425 once again. The buckling
coefficient Kr of the restraining web subjected to a
stress gradient as in fig. 6.2.1b can be conservatively
taken to be equal to 7.8, which is the buckling co-

efficient of a hinged stiffened element subjected to a

compressive stress gradient varying linearly from zero
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at one edge to a maximum value at the other edge4

(In a beam experiencing a bending moment, part of the

web 1s subject to tensile stress, thus increasing its
local buckling coefficient to a value greater than 7.8.
However, it will be shown that for the beams tested in
this investigation the effect of assuming the local
buckling coefficient of the web to be 7.8 conservatively,
is negligible. Table (6.2.2)). Substituting the value

of Kr and Kb in eqn. 6.2.3d, the correction factor r

becomes

_ 2 2
r = (0.425/7.8)(t,/t )“(B_/B,) (6.2.7)

Using the correction factor given by eqn. 6.2.7 and
eqn. 6.2.6b, the rotational edge restraint factor € of

the unstiffened elements in a beam can be written as

_ 3 3 2 2
€ Nb (tr/tb) [1—0.054(tb/tr) (Br/Bb) ] (6.2.8)
In the preceding two sections, equations for the
rotational edge restraint factor € of the unstiffened
elements restrained by stiffened elements, were derived.
The rotational edge restraint factor € of unstiffened

elements restrained by unstiffened elements, will be

presented in the following section.
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6.2.2.3 Edge Rotational Restraint Factor of Miscellaneous

Sections Subject to Uniform Compression

Bleich25 has derived equations for rotational edge
restraint factors of various other sections subject to
a uniform compression. Results for sections with un-
stiffened elements under a uniform compression will be
presented here.,

A T section is shown in fig. 6.2.2a. A conservative
equation for the rotational edge restraint provided by
the flanges to the local buckling of the web, when such
a section is subject to a uniform compression, has been

derived as25

t t B
r, 3 b2 2r 2
€ = 2(;;) (1-(tr) (Bb)

) (6.2.9)

where all the dimensions are shown in fig. 6.2.2a.

An angle section is shown in fig. 6.2.2b. When the width
and thickness of the legs are the same, the rotational
edge restraint factor is equal to zero for uniform com-
pression. However, when the legs are not equal, the
narrow leg restrains the local buckling of the wider
unstiffened leg. When the ratio of the width of the

legs (B /Bb) is less than 2/3, the buckling coefficient
r
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25
of the wider leg is larger than 0.504 for long angles.

Any practical cross sectioﬁ can be either realis-
tically or conservatively idealized to one of the cases
for which an equation for the rotational edge res-
traint has been presented. For example, a Z section
can be idealized as a channel section. The rotational
edge restraint factor € of an unstiffened element under
compression in an inverted hat section (L) can be
conservatively assumed as that of the unstiffened ele-
ment in a channel section, having the width of both
unstiffened elements equal to the width of the un-
stiffened element of the inverted hat section. Having
computed, using the equations presented, a conservative
yvet realistic value of the rotational edge restraint
factor of the unstiffened elements in most common
sections, one can determine the buckling coefficient of
the unstiffened elements following the procedure to be

outlined in the next section.

6.2.3 Elastic and Inelastic Local Buckling

A procedure for calculating the local buckling co-
efficient and the local buckling stress of unstiffened
elements will be presented in this section, using the
equations for the rotational edge restraint factor de-

rived in the preceding sections and the equations for
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the elastic and plastic local buckling coefficients in
sections 2.2.1 and 2.2.2.

The elastic local buckling coefficient Ke’ of an
unstiffened element having a high aspect ratio (L/w)
and given rotational edge restraint factor € can be
obtained from eqn. 2.2.8b or fig. 2.2.2. Similarly,
the plastic buckling coefficient Kp of the element,
which is always less than or equal to the elastic
buckling coefficient Ke, can be obtained using eqn.
2.2.20 or fig. 2.2.2. The theoretical local buckling
coefficient K of the element depends upon whether the
local buckling takes place in the elastic or inelastic
range of the material.

The local buckling strain (ecr) of an element can

be written as

e . = K2/ (12(1-u2) (w/t) %) (6.2.10a)

The local buckling coefficient Ky corresponding to the
yield strain ey, for a given (w/t) ratio, can be ob-

tained from eqn. 6.2.10a by substituting ey for e r

K, = 12(1—u2)(w/t)2ey/ﬂ2 (6.2.10Db)

The local buckling coefficient K of an ideally flat
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element depends upon the relative values of the buckling

coefficients Ky’ Ke and Kp’ as given below.

If R > K then K = K (6.2.11a)
y— e e

If K > K then K = K (6.2.11b)
| 2 4 P

If K > K > K then K >K>K (6.2.11c)
e= y= P e~ =p

As in eqn. 6.2.1la, the local buckling coefficient
of an ideally flat unstiffened element K is equal to
the elastic buckling coefficient Ke’ if the local
buckling strain obtained by substituting the elastic
buckling coefficient Ke in eqn. 6.2.10a is less than the
yield strain ey. On the other hand, if the local
buckling strain obtained by using the plastic buckling
coefficient Kp in eqn. 6.2.10 is greater than the yield
strain ey, then the local buckling coefficient K is
equal to the plastic buckling coefficient Kp (eqn.
6.2.11b). However, in the intermediate range where the
local buckling strain corresponding to the elastic
buckling coefficient is greater than the yield strain
and that corresponding to the plastic buckling coefficient
is less than the yield strain, the local buckling co-
efficient K of the ideally flat element has a value be-
tween the elastic and plastic buckling coefficients.

In general, an unstiffened element of a structural
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member, as a result of initial imperfections, experi-
ences flexural stresses in addition to the applied com-~
pressive stress even before local buckling of the ele-
ment, Consequently, superposition of the membhrane and
the flexural stress may cause yielding somewhere in the
element before the local buckling of the element, when
the elastic local buckling stress of the element is near
the yield stress of the material. Thus, the plastifi-
cation of an unstiffened element starts at a lower
stress in the case of a real element when compared to

an ideally flat element. As a result, the local buckling
coefficient K of a real unstiffened element starts to
reduce from the value of the elastic local buckling
coefficient Ke, at an earlier stage than the limit set
by eqn., 6.2.11a, and reduces to the value of the plastic
buckling coefficient Kp earlier than the limit set by
eqn. 6.2.11b.

In order to obtain the limits in the case of actual
unstiffened elements, the elastic and inmelastic local
buckling coefficients Ke and Kp of the unstiffened ele-
ments in the compression and flexural specimens are
compared with the experimental values of the local buck-

ling coefficient Kex in tables 6.2.1 and 6.2.2. The

pt

ratio of the theoretical local buckling coefficient

limit Ky to the elastic buckling coefficient Ke is also
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given in these tables. In figure 6.2.3, the results
of the compression and flexural specimens of table
6.2.1 and 6.2.2 are plotted in terms of the parameters
(Kexpt._Kp)/(Ke - Kp) and Ky/Ke' The experimental
points, especially those of the built up I sections,
are scattered over a wide range. This can be attri-
buted to the following reasons. The definition of the
local buckling of an unstiffened element
in an experimental specimen (chapter 3) is arbi-
trary because of the lack of a bifurcation type of
buckling. The effect of initial imperfections is most
pronounced near the local buckling stress, especially
when the local buckling takes place near the yield stress
of the material. The effectiveness of connecting two
channel sections to form an I or H section can vary in
a random way. The scatter of the experimental points
can be due to some combination of these reasons. The
parameter (Kexpt.—Kp)/(Ke—Kp) also tends to exaggerate
the scatter of the test points.

A straight line originating from K=Kp at the value
of K /K =1 and reaching the value of K=K _ at K /K =5

y' e e y' e 7°
seems to give a conservative lower limit of the experimen-
tal points. An equation for the local buckling co-

efficient K, based on this fit, can be written as
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K = K when K <K
p y— e
K = K +(K =K )(K -K ) /4K when K <K <5K
P e p y e e e— y— e
K = K when 5K <K
e e— vy

(6.2.12)

Eqn. 6.2.12 yields in general a conservative value of the
local buckling coefficient when compared to eqn. 6.2.11la,
b,c, as expected.

The theoretical local buckling coefficients K

theory
calculated using eqn. 6.2.12 are presented in table 6.2.1
and 6.2.2 for comparison. In general, the theoretical
values are conservative when compared to test values by
margins as high as 28 percent. Only a few of the theo-
retical results are unconservative, the maximum differ-
ence on the unconservative side being 4 percent. The
mean difference between the experimental and theoretical
values of the buckling coefficient is 12.8 percent on
the conservative side and the coefficient of variation
is 0.723., This information can be qualitatively in-
ferred from fig. 6.2.3, using which eqn. 6.2.12 was de-
duced.

In order to obtain the rotational edge restraint
factor € for all the beams tested, the distribution of
compressive stress in the web has been assumed to vary
from zero stress at the bottom to the maximum compressive

stress at the top. This, however, is a conservative
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assumption. So as to check the effect of such an
assumption, the buckling coefficients of two beams
(B-1 and UP-11) have been calculated using the actual
distribution of the stress in the webs. The results
of this evaluation 1s presented at the end of table
6.2.2. It is seen that'the effect of assuming the con-
servative stress distribution in the webs makes about
only one percent difference in the theoretical local bu
ling coefficient K of the unstiffened flanges.

As long as the w/t ratio of the unstiffened ele-

ments is larger than the limiting value (w/t)li
m.

governed by eqn. 5.4.3 or 5.4.4, there is a reduction

in the effective width of the unstiffened elements and
failure is assumed to occur when the maximum com~-
pressive stress in the element, at the supported edge
parallel to the direction of compression, reaches the
yield stress of the material. However, if the (w/t)
ratio of an unstiffened element is sméller than the

limiting value (W/t)lim , the element remains fully

effective until the whole width of the element yields 1in
compression. In such cases, the elements can undergo

additional plastic strain before failure. It was observe
in the fifth chapter that the failure of the unstiffened

elements, in the plastic range, takes place almost

immediately after local buckling. Consequently, it was
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suggested that the plastic buckling strain given by

eqn. 2.2.19 can be taken as the inelastic strain capa-
city of the unstiffened elements having a (w/t) ratio
less than the limiting value (w/t)lim.'
In table 6.2.3, the limiting value of the (w/t)
ratio of the unstiffened elements in the flexural

specimens are given. These values have been computed

using eqn. 5.4.3 presented below.

(w/t)lim = n»/(l-Bz)E/(lz(l-uz)WKMy (5.4.3)

where B, = 0.378-0.768 (K-l.18)4. The inelastic strain
capacity (ecu) obtained from experimental results are
also given in table 6.2.3. Theoretical values of the
inelastic strain capacity are given in table 6.2.3 for
comparison. The theoretical values have been taken to
be equal to the yield strain when the (w/t) ratios of
the elements are greater than the limiting values
(w/t)lim.' When the (w/t) ratios are less than the
limiting values (W/t)lim.’ the theoretical inelastic
strain capacity of the unstiffened elements have been

taken as the plastic buckling strain given by eqn.

2.2.19.

(egp)p = K mo/a2(1l-u?) w/e)™) (2.2.19)
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The theoretical values are generally on the conserva-
tive side of the experimental values. The mean differ-
ence between the experimental and theoretical values of
the ultimate strain capacity is 23.3 percent on the con-
servative side and the coefficient of wvariation is 0.91.
The difference is maximum (about 57 percent) for the
elements having a (w/t) ratio around the (w/t)li . value
It has been assumed that as long as the (w/t) ratic
is greater than (w/t)lim.’ the ultimate strain of the
element is equal to the yield strain. However, the
strain at the supported edge of an unstiffened element
having a value of the (w/t) ratio near the limiting
value (w/t)lim. can be higher than the yield strain31
This accounts for the larger difference between the
experimental and theoretical values of the ultimate
strain in this range of the (w/t) ratio. The ultimate
strain at this range is very sensitive to initial imper-
fections. Consequently, using a more conservative
theoretical value in this range is justifiable. Using
inelastic strain capacity of the unstiffened elements
given by eqn. 2.2.19, one can obtain the ultimate mo-
ment capacity of a given section and the inelastic ro-
tation capacity at a plastic hinge following the pro-
63

cedure presented by Reck.

When local buckling stress of unstiffened elements
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is less than the yield stress, the elements can sustain
an additional load in the postbuckling range. The
elastic postbuckling behavior of unstiffened elements

will be treated in the next section.

6.3 Elastic Postbuckling Behavior of Unstiffened

Elements

The effective width of an unstiffened element begins
to decrease prior to failure, when the (w/t) ratio of
the element is less than the limiting value given by
eqn. 5.4.3 or 5.4.4. Beyond the elastic local buckling,
the elements can sustain additional load until the maxi-
mum stress at the supported edge parallel to the di-
rection of compression is nearly equal to the yield
stress of the material.

Two equations for computing the effective width
of unstiffened elements, one based on an analytical
derivation and the other empirical equation based on
experimental results, were given in the third chapter.
These equations are

b (1-B.)
_e _ . 1 + B (3.4.1)
w ( e max + B

o 2)
cr

where

0.326 + 0.086 K2

=~
]
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B2 = 0.378 - 0.768 (K-l.ls)
and
Y/ Z;
—_ l UV . . .
.19v0 /0 (1.0-0.298v0 /0 ) (3 5)

where ¢ is the maximum compressive stress at the
e

max
supported edge parallel to the direction of compression,
Ocr is the local buckling stress, be is the effective
width, w is the actual width of the unstiffened ele-
ment, and K is the local buckling coefficient.

The theoretical effective width of unstiffened ele-
ments in the compression and flexural members tested in
this investigation, computed using the theoretical
values of the buckling coefficient in eqs. 3.4.1 and
3.4.5, are compared with the experimental effective width
at the ultimate load of the elements, in table 6.3.1 and
6.3.2. In general, the theoretical equations give
reasonably good results. The theoretical results ob-
tained using eqn. 3.4.1 differ from the test values by
a margin of up to 19 percent on the conservative side

and 13 percent on the unconservative side. The mean
difference between the experimental and theoretical
values of the effective widths is 5.1 percent on the con-
servative side and the coefficient of variation is 1.57.

Eqn. 3.4.5 yields results which differ from the test

values up to 17 percent on the conservative side and 16



173

percent on the unconservative side. The mean difference
between the experimental and theoretical values of the
effective widths is 6.55 percent on the conservative
side and the coefficient of variation is 1.11. The
difference is attributable to both experimental scatter
and theoretical approximation. These two effective
width equations were shown to give sufficiently con-
servative theoretical values of the effective width at
the subultimate loads also (figs. 3.4.6, 5.4.4).

Since the variation of the constants B1 and B2 even

for the extreme values of the buckling coefficient K

is small, they can be conservatively taken as

0.326

[=5]
L]

0.378 (6.3.1)

(o]
Il

for all values of the buckling coefficient K.

The theoretical effective widths of the unstiffened
elements in the test specimens computed using eqn. 3.4.1
and the simplified constants given by eqn. 6.3.1, are
presented along with the experimental effective widths
in tables 6.3.3 and 6.3.4. The theoretical results
differ from the experimental values up to 22 percent on
the conservative side and 7 percent on the unconserva-

tive side. The mean difference and the coefficient of
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variation are 10.9 percent and 0.63 respectively. The
simplified constants given by eqn. 6.3.1 being conser-
vative, the effective widths computed using this value
of the constants are generally more conservative.

An equation.for the maximum amplitude of out of
plane deformation of the unstiffened elements was

derived in the third chapter and is presented below.

(o]
72/t =\/33(—§——93’—‘ -1) (2.3.37)

cr

where B3 = 2.727 + 1.135/(K~0.425).

This equation, was derived for a perfectly flat element
and was found (fig. 3.4.7) to give conservative yet
realistic results for the amplitude of the deformation

of experimental elements in the range of interest (post
critical range).

The derivation of analytical equations was accom-
plished through an approximation solution of VonKarman's
plate equations, which are valid only in the intermediate
range of out of plane deflection. Consequently the ana-
lytical equation derived should not be used in the case

of unstiffened elements having a large width to thickness

ratio and a large postbuckling range. However, for the
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specimens tested which have unstiffened elements with a
width to thickness ratio of up to 60, the analytical
solution exhibits a good correlation with the test re- .
sults.

Short compression members and flexural members can
be designed using the procedures outlined so far. A
design procedure for long compression members which fail
as a result of overall flexural buckling will be pre-

sented in the next section.

6.4 Analysis of Compression members

Compression members fail by local crippling when
they are short and there is very little overall bending
of the members. As the length of the compression mem-
bers increases, the theoretical flexural buckling load
decreases and when the flexural buckling load is less
than the local crippling load, the members fail due to
flexural buckling.

Hot-rolled compression members retain the shape of
their cross section, and can be designed using the tan-
gent modulus equation (eqn. 4.1.3) or the Column Re-
search Council (CRC) equation (eqn. 4.1.6). On the other
hand, cold-formed compression members usually have thin

plate elements in compression, which may buckle locally



176

before the columns fail due to flexural buckling. The
local buckling of the elements leads to a reduction in
the effective section properties of the columns and
hence, a reduction in the flexural buckling load of
the columns. Consequently, computation of the strength
of cold-formed compression members should take into
consideration the effect of local buckling of the plate
elements. In this section, a procedure for the analysis
of cold-formed steel compression members, with locally
unstable unstiffened elements, will be presented.

Effective section properties of compression mem-
bers at any axial strain can be calculated following the
steps given below.

1. Select a uniform longitudinal compressive

strain e.

2. From the stress strain relationship of the

material

(eqn. 4.4.6a) determine the tangent

modulus Eti’ and the stress o, of the flat and

corner elements at the strain e.

3. Determine the effective area of the flat ele-
ments using an effective width equation.

4, Determine the effective moment of inertia

Ieff of the subelements about the axis of over-

all buckling of the section, assuming that the
effective area of the unstiffened elements i1s

distributed adjacent to the supported edge as
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shown in fig. 4.4.9a.

5. Calculate the total effective area (Aeff =X

Ai,eff) of the column.
6. Compute the total force on the column

(P = Zoi Ai,eff) and the average stress
) from the stress o, and the

effective area A of the subelements.
i,eff

Having obtained the average stress Oav and the
section properties of the column at this stress, the
effective length L of the column which will experience

overall buckling at this average stress 0,y €20 be cal-

culated using eqn. 4.4.5b

ﬂZZnE L
L = 0';|_=]_Ati i,eff (4.4.513)
av total

In eqn. 4.4.5b, L is the effective length of the column,
Atotal is the total cross sectional area of the column.
This equation is based on the tangent modulus equation
for column flexural buckling.

Column curves are derived for the nine sets of test
columns (LC-I through LC-V and UD-1 through UD-4). A
computer program written by DeWolfBz, which follows the
steps outlined above, was used with some modification of

the effective width equation and distribution of the

effective area to arrive at the column curves. There are
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three sets of column curves (figs. 6.4.1 through 6.4.9)
for each column corresponding to three of the effective
width equations used to calculate the section properties.
They are: (curve b) obtained using effective width eqn.
3.4.1 in which the coefficients B, and B, are taken as

functions of the local buckling coefficient K; (curve c)

obtained using eqn-. 3.4.1 and simplified values of B1 and
B, as given in eqn. 6.3.1; (curve d) obtained using the
effective width egn. 3.4.5. 1In all these cases, theo-
retical buckling coefficients calculated as detailed in

section 6.2.3 are used (Table 6.3.1).
Column test points are also plotted in figs. 6.4.1

through 6.4.9 for a comparison with corresponding theo-

retical column curves. The theoretical curves compare

well with the test results, yielding somewhat conserva-~
tive yet realistic values for the column buckling stresses
These theoretical curves are more conservative than those
derived in chapter 4 (figs. 4.4.10 through 4.4,30), be-
cause the theoretical buckling coefficients used in this
chapter are conservative when compared to the experimental
values used in chapter 4.

On the basis of this comparison, it can be concluded
that the flexural buckling strength of columns can be
calculated using the tangent modulus equation in which

the effective section properties, obtained from any one
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of the effective width equations, are used.

Another procedure, based on a modified version of
the Column Research Council method, is presented in
appendix 2. A step by step method for calculating the
flexural buckling strength of a column using the tangent
modulus method and modified CRC method is also enumerated
in appendix 2. An example showing the method of cal-
culating the flexural buckling strength following the step

by step procedure is also presented in appendix 2.

6.5 Summary and Conclusions

Procedures for calculating the strength of members
with unstiffened elements in compression have been pre-
sented. Theoretical equations for calculating the local
buckling stress 1in the elastic range and the strain
capacity in the plastic range were presented. Equations
for computing the reduced effective width of unstiffened
elements in the elastic postbuckling range were also pre-
sented. Short compression members and flexural members
can be designed using these equations.

Equations were presented for calculating the over-
all flexural buckling strength of compression members.
These equations take into account the reduction in the
effective stiffness of the compression members, due to

local buckling.
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The equations presented, realistically model the
local buckling and the postbuckling behavior of un-
stiffened elements, and the effect of local buckling on

the flexural and compression member behavior.



CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary and Conclusion

The elastic and inelastic local buckling and the
postbuckling behavior of unstiffened compression elements
have been investigated analytically and experimentally.
The effect of local buckling on the overall flexural
buckling of columns and the bending of beams with un-
stiffened compression elements, has been studied. Methods
for the design of cold-formed steel structural members
with unstiffened compression elements have been pre-
sented on the basis of the analytical and experimental
investigations.

In the first chapter a qualitative description of
the elastic and inelastic behavior of the unstiffened
elements was presented. The behavior of members with
unstiffened elements in compression was also discussed.

A brief outline of the purpose and the scope of the in-
vestigation was presented.

An analytical solution to the elastic and inelastic
local buckling and the postbuckling behavior of unstiffened
elements was presented in the second chapter. The large
deflection equations of Von Karman were solved by assuming

an approximate wave form for the deflected shape of the

181
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unstiffened elements. The amplitude of the wave was ob-
tained using Galerkin's method. Closed form equations
were derived for the effective width and the maximum
amplitude of deflection of the ideally flat unstiffened
element. The inelastic local buckling strain of the un-
stiffened elements having an elasto-plastic stress strain
relationship was obtained using Stowell's23 equations.

The results of the stub column tests were pre-
sented in the third chapter and were compared with the
analytical solution derived in the second chapter. On
the basis of this comparison an effective width equation
for unstiffened elements with initial imperfections was
presented. Another effective width equation having a
format similar to the AISI effective width equation for
stiffened elements was derived. Both effective width
equations compared well with the results of tests on
stub columns. The analytical equation for the maximum
amplitude of the out of plane deformation of an ideally
flat unstiffened element compared well with the out of
plane deflection of the test specimens at the ultimate
load.

The flexural buckling strength of compression members
with unstiffened elements was investigated in the fourth
chapter. For compression members the AISI specification

design approach was quite conservative. This is primarily
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due to the limit that the specification places on the
compressive stress on the unstiffened elements in order
to limit excessive out of plane distortions. Test re-
sults indicated that the distortion of the unstiffened
elements in the postbuckling range was not objectionable.
Procedure was presented for obtaining the flexural
buckling strength curves for compression members with
unstiffened elements, using the tangent modulus equation.
In this equation the effective section property was sub-
stituted to obtain the flexural buckling strength.

The effect of the local buckling of unstiffened ele-
ments on the bending of beams was studied in the fifth
chapter. It was found that the proposed effective width
equations realistically modeled the elastic postbuckling
behavior of the beams. The theoretical plastic strain
at the local buckling was found to give a conservative
estimate of the inelastic strain capacity of unstiffened
elements, buckling in the plastic range.

Procedures for the analysis of the strength of short
and long compression members and beams with unstiffened
elements in compression were presented in the sixth
chapter. The theoretical values obtained using these
procedures compared well with the test results. On the

basis of this it can be concluded that the procedures
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presented could be used to calculate the strength members
with unstiffened compression elements, taking full ad-
vantage of the postbuckling strength of the elements.

In appendix A an analytical effective width equation
(A .1) is derived for stiffened elements which is based
on Sayed's work. This analytical equation is compared
with Winter's effective width equation for stiffened
elements (eqn. 1.2.3). In appendix B Winter's effective
width equation for stiffened elements (eqn. 1.2.3) is
compared with the effective width equation for un-
stiffened elements (eqn. 3.4.5) and the test results.
A procedure for obtaining column flexural buckling curves
based on a modified form of the Column Research Council
equation is also presented in appendix B and compared
with the test results and the tangent modulus column curves.
Finally a step by step procedure and an example are pre-
sented in appendix B for calculating the flexural buckling

strength of columns using the tangent modulus and modified

CRC methods.

7.2 Scope for Future Investigation

In this investigation it was assumed that the un-
stiffened elements subjected to compression were always
restrained from rotation by the adjoining elements, the

limiting condition being a zero restraint. In some appli-
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cations, as in the case of edge stiffeners, the adjoining
elements may buckle before the unstiffened element, in
which case the unstiffened element behaves as a res-
training element. The effect of this negative res-
traint on the local buckling behavior of the unstiffened
element needs to be investigated.

The unstiffened compression flanges in this inves-
tigation were braced at sufficiently close intervals to
avold lateral buckling of the beams. The effect of local
buckling on the maximum unbraced length and on the lateral
buckling strength of beams is an area which warrants
further research.

The effect of local buckling on the bending of beams
and the flexural buckling of columns was separately in-
vestigated. Beam columns are one of the most commonly
encountered members in practice. The effect of local
buckling on the behavior of beam columns is an area of
interest requiring further attention. The effect of 1local
buckling on torsional flexural buckling of columns is
another area of practical application and has to be looked
into.

These are a few areas of interest where the local
buckling of the unstiffened elements affects the behavior

of a member and hence require further research.



APPENDIX A

EFFECTIVE WIDTH EQUATIONS FOR STIFFENED ELEMENTS

An effective width\equation for stiffened elements

2,13
derived by Winter1 is given below.
= v / -0. g 1.2.2
be/w 0cr Oe max 0.22 Ocr/ e max ( )

where b 1is the effective width, w is the actual flat
e

width, © is the maximum compressive stress in the
e max

loaded direction at the unloaded supported edge and

o is the local buckling stress of the stiffened ele-
cr

ments. Sayedl7 has presented an analytical method for

calculating the effective width of stiffened elements

in the elastic postbuckling range, following a pro-

cedure similar to that given here in the second chapter

for an effective width equation of unstiffened ele-

ments. Below an effective width equation for stiffened

elements, based on Sayed's analytical solution and

having the same format as eqn. 3.4.1 derived for un-

stiffened elements, will be presented.

Using eqn. 46c¢c in reference 17, the effective width

equation of perfectly flat stiffened elements with

simply supported unloaded edges free to move in the plane

of the element can be written as

186
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= 0:746

5 + 0.254 (A.1)
e max' cr

b
where all the variables are defined above.

Using éqs. 71 and 73 in reference 17, the post-
buckling behavior of stiffened elements with initial
imperfections can be analyzed. Effective width
equation (eqn. A.l) for a perfectly flat plate can be
modified to take into account initial imperfections,
as explained in section 3.4.3 of this report. The
modified form of the effective width equation for a
stiffened element, having an amplitude of initial im-
perfection equal to 0.2 times the thickness of the
element (a value which apparently yields a close
égreement with test results-ref. 17), can be written
as

0.746

g
e max

+ 0.254 (A.2)

b /w
+ 0.55)

cr
Effective width eqs. 1.2.2 and A.2 are compared in
fig. A .1. The analytical eqn. A.2 and egqn. 1.2.2, on
which the present AISI design equation is based, com-
pare well over a large range of the postbuckling be-

havior.



APPENDIX B

COMPARISON OF EFFECTIVE WIDTH EQUATIONS
AND POSSIBLE DESIGN PROCEDURES

B.1 General

Winter12 proposed an effective width equation
(eqn. 1.2.2) for the postbuckling behavior of stiffened
elements, currently being used in the AISI Specification
for the Design of Cold-Formed Steel Stpuctural Mem~
bers.2 In Chapter 3 an effective width equation for
unstiffened elements (eqn. 3.4.5) was presented which
is essentially the same as the effective width equation
for unstiffened elements (eqn. 1.2.3) proposed by
Winter13 on the basis of a research report by Miller.64
In the following sections, the effective width equations
for stiffened elements (eqn. 1.2.2) will be compared
with the effective width equation for unstiffened ele-
ments (eqn. 3.4.5) in the light of test results.

A procedure, based on the tangent modulus method,
for calculating the flexural buckling strength of
columns with locally buckling unstiffened elements was
presented in chapter 4, A modified form of the Column
Research Council method will be derived in this chapter

for calculating the flexural buckling strength of colu
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and will be compared with the tangent modulus method
and test results. Finally a step by step method for
calculating the flexural buckling strength of columns
with locally buckling unstiffened elements, based on
the two methods, will be presented and an example will

be worked out.

B.2 Comparison of Effective Width Equations and Test

Results of Stub Columns and Beams

Winter13 on the basis of a research conducted by
Miller64 presented the following effective width
equation for the postbuckling behavior of unstiffened

elements,

b /w = 0.8t¥YE/¢C (1-0.202(t/w)VE/oO ) (B.2.1)
e e max e max

Eqn. 1.2.3 is obtained14 from eqn. B.2.1 by using 0.5
for the value of local buckling coefficient (K) in the

equation for the local buckling stress (eqn. 1.2.1a).

be/w 1.19 Ocr/oe max(l 0-0.3 Ocr/Oe max) (1.2.3)

In chapter 3 on the basis of test results and analytical
solution, an effective width equation (eqn. 3.4.5) was
derived which is essentially the same as eqn. 1.2.3, but

for a small variation in one of the two constants. Eqn.
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3.4.5, given below, will be referred to as Winter's

unstiffened element equation (WU).

= .0-0. 3.4.5)
be/w 1.19/ocr/oe max(l 0-0 298fccr/0e ) (

max

Winterlz presented an effective width equation for
stiffened elements which can be rewritten as shown in
eqn. 1.2.2. Eqn. 1.2.2, given below, will be referred

to as Winter's stiffened element equation (WS).

= - 2.2
be/w Vocr/oe max(1.0 0.22/ocr/0e max) (1 )

WU equation (eqn. 3.4.5) and WS equation (eqn. 1.2.2)

are plotted in fig. B.2.1. The ratio of effective

width to actual width (be/w) is the ordinate and the

ratio of maximum edge stress to critical stress

(o /o ) is the abscissa in fig. B.2.1. The test
e max’' “c¢r
results (at failure) of stub columns (from tables 3.4.2

and 3.4.3) and beams (from table 5.4.2) are also plotted

in fig. B.2.1. The test results are scattered around

Winter's unstiffened element (WU) equation, whereas
Winter's stiffened element (WS) equation is generally
conservative for unstiffened elements tested.

In tables B.2.1 and B.2.2, the experimental

effective widths at failure of stub columns and beams

are compared with the effective widths given by the two
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(WU and WS) equations. The mean error of the effective
widths given by WU equation is 1.6 percent and the
standard deviation is 7.5 percent. The effective
widths obtained using WS equation have a mean error of
10.9 percent and a standard deviation of 7.0 percent.
On the basis of fig. B.2.1 and tables B.2.1 and B.2.2,
it can be concluded that Winter's unstiffened element
(WU) equation (eqn. 3.4.5) yields a more accurate value
of the effective width of unstiffened elements in the
postbuckling range than Winter's stiffened element (WS)
equation (eqn. 1.2.2).

It should be noted, however, that the difference
is most pronounced for large values of Oe max/ocr’
i.e., for large w/t ratios. In the range of most
practical w/t ratios for unstiffened elements, the WS

equation is seen to be usable, though somewhat conser-

vative.

B.3 Flexural Buckling Strength of Columns

The theoretical flexural buckling strength of
columns can be calculated using the two effective width
equations to obtain the effective section properties.
In this section, the theoretical flexural buckling
strengths, calculated using the two procedures:
(1) the tangent modulus method presented in section 4.4.3,

and (2) a modified form of the Column Research Council
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Method, will be compared with the column test results.

B.3.1 Tangent Modulus Method

A procedure for calculating the flexural buckling
strength of columns was presented in section 4.4.3,
which uses the effective section properties and the
tangent modulus equation. The column curves obtained
following this procedure, in which the effective section
properties are calculated using effective width equations
WU (eqn. 3.4.5) and WS (eqn. 1.2.2), are shown in figs.
B.3.1 through B.3.9. 1In these figures, the average
stress (P/A) versus the slenderness ratio (L/r) is
plotted for the nine different column sections tested.
The column test results in tables 4.4.2 and 4.4.3 are
also plotted in these figures.

The figures indicate that the columﬁ curves de-
rived using WU equations compare well with the test
results but for a few short column test results, whereas
the column curves based on WS equations are generally
conservative for the columns with unstiffened elements.
Again, the differences are more significant for the un-

stiffened elements with a large w/t ratio, say w/t > 35.

B.3.2 Modified Column Research Council Method

The Column Research Council Guide to Design Cri-
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teria for Metal Compression Members49 proposed a pro-
cedure to calculate the flexural buckling strength of
hot-rolled steel columns, taking into consideration
nonlinearity due to residual stresses.

According to the CRC method, the flexural buckling
strength of a slender column is given by the Euler |
equation (eqn. 4.1.2) in the range of stress less than
half the yield stress, and above this stress the flexural
buckling stress is given by a parabolic equation. The

two equations can be written as given below.

2
=E—E——7 when L/t > V2(L/r) (B.3.1)

°f (L/1) Y

and
. 2
o =0 - L—(L/r)% when L/r < YI(L/r) = (B.3.2)
cr 417E y

where

(L/r) ) = /an/oy (4.1.5)

and Ocr is the flexural buckling stress of columns.

Eqs. (B.3.1) and (B.3.2) can be modified to take
into consideration the effects of local buckling, en-
countered before flexural buckling in cold-formed steel
structural columns, by introducing the effective section

properties instead of total section properties and in-
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terpreting o, as the stress (Oeff) on the effective
area (Ae) of the column cross section at the flexural
buckling load. The stress on the effective area (Oeff)

can be written as

oeff=oaVA/Aeff (B.3.3)

where Oavis the average stress on the total area at
the flexural buckling load. Using eqn. B.3.3 and
modifications necessary to account for reduction in
effective section as a result of local buckling, egs.

B.3.1 and B.3.2 can be rewritten as

‘ e T E
o‘ = — ———————— (B.3.4)
av A (L/r )2
e
and 2
Ae o 2
Oy = X_ oy - Zi;;—(L/re) (B.3.5)

The limiting value of the effective slenderness ratio

(L/re)lim. above which eqn. B.3.4 is to be used can be

obtained by equating the average stress (Oav) given by

the two equations (eqs. B.3.4 and B.3.5) and is given by

(L/r ), = /2Tr2E/0y - /z—(L/r>y (B.3.6)

where (L/r)y is defined in eqn. 4.1.5. Eqs. B.3.4 and
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B.3.5 are the desired modified form of the CRC equations
and give the average flexural buckling stress of cold-
formed structural steel columns. It can be easily shown
that eqn. B.3.4 reduces to Euler equation when the
flexural buckling occurs at a stress below Olim. (the
limiting stress below which a compression element is
fully effective). The procedure outlined above will be
referred to as the modified Column Research Council pro-
cedure (modified CRC procedure).

Using the two effective width equations (WU and
WS eqns.) and the modified CRC procedure, column curves
for the nine different sections tested have been com-
puted and are shown in figs. B.3.10 through B.3.18.

The ordinate and abscissa in these figures are the
average stress (P/A) and slenderness ratio (L/r) res-
pectively. Corresponding column test results are also
shown in these figures. Column curves obtained using
the WU equation compare well with the test results,
whereas the WS equation is conservative compared to the
test results.

The theoretical values of the flexural buckling
stress from the tangent modulus method using WU eqn.
have good correlation in the case of sections UD-2 and
UD-3 and are unconservative for at least one column in

the case of all other sections. The modified CRC method
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using WU eqn. generally yields theoretical values which in-
dicate good correlation with the test results but for one
column each in the case of sections LC-I and LC-1V.
For columns with unstiffened elements having a low value
of w/t ratio (w/t < 30) thé modified CRC method tends
to be conservative. On the basis of the figs. B.3.1
through B.3.18 and the discussion above it appears that
the modified CRC method indicates a better correlation
with the test results, especially in the case of shorter
columns in each section which have the flexural buckling
stresses on the effective areas (Oeff=P/Aeff) nearly
equal to the yield stress of the material.

In the next section validity of the modified CRC
method for columns with stiffened elements will be in-

vestigated using the test results of DeWolf32.

B.3.3 Columns With Locally Buckling Stiffened Elements

In the previous section, theoretical methods for
calculating the flexural buckling strength of cold-formed
steel columns were presented, and the column curves ob-
tained using these procedures were compared with the
results of tests on columns with unstiffened elements.
In this section, flexural buckling strength curves for

columns with locally buckling stiffened elements will be

arrived at using the modified Column Research Council
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procedure and compared with the stiffened column test
results of DeWolf.32
DeWolf32 tested columns with stiffened elements
in axial compression. The shape of the cross sections
is shown in fig. B.3.19a. The section dimensions and
properties of the eighteen columns of four different
cross section dimensions are given in table B.3.1. The
test results of the eighteen columns are presented in
table B.3.2.
The effective width equation for stiffened elements,
referred to as WS equation in the last section, gives
the postbuckling effective width of stiffened elements
in compression. This equation is written in terms of
the maximum stress at the supported edge (O max) and

e

the local buckling stress (ocr) as shown below.

= . had - - .
b /w vo Jo x(1 0-0 22»’(7cr7oe max) (1.2.2)

e cr e ma

The effective width of stiffened elements can be dis-
tributed as shown in fig. B.3.19b to obtain the effective
flexural stiffness of stiffened sections about the

minor axis. Using the effective stiffness thus computed
and the modified CRC procedure outlined in the last
section, column curves for stiffened sections could be

obtained.

Column curves for the four sections in table B.3.1
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are shown in figs. B.3.20 through B.3.23. In addition
to the curves corresponding to the Euler and yield stress,
there are three column curves for each section. Two of
these curves are drawn for the maximum and minimum values
of the local buckling coefficient of stiffened elements
(K = 4.0 and 6.97). The third curve is drawn for the
experimental value of the buckling coefficient, ob-
tained by DeWolf. There is a good correlation between
the column curves corresponding to the experimental
values of the buckling coefficient and the test results,
indicating the validity of the modified CRC procedure
for stiffened columns also. Value of the local buckling
coefficient of stiffened elements is usually assumed to
be equal to 4.0 in design. In general, the column
curves corresponding to the lowest value of the local
buckling coefficient (K = 4.0) is slightly conservative.
DeWolf compared the flexural buckling strength of
columns having stiffened elements with the tangent mod-
ulus column curves (figs. 6.12-6.15, ref. 32). These
four figures are compared with figs. B.3.20-B.3.23 to
evaluate the relative merit of the modified CRC method.
The modified CRC curves exhibit good correlation in the
case of all the column test results, whereas, the tan-

gent modulus method yields unconservative values in the
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case of columns having the flexural buckling stress on
the effective area (Geff=P/Aeff) nearly equal to the

yield stress.

B.3.4 Computation of Flexural Buckling Strength of

Columns

Procedures for drawing the column curves for a
given section were presented so far. In this section,
an iterative method for calculating the flexural
buckling strength of a slender cold-formed steel
column of a given section and effective length will be
presented. The procedure will also be illustrated nu-

merically using one of the columns tested.

Steps for Calculating the Flexural Buckling Strength

of Columns with Locally Buckling Unstiffened Elements:

1. Calculate the total area, total moment of in-
ertia and effective length of the column. Calculate
the local buckling stress of flat elements substituting
the relevant values of the local buckling coefficient
(K). For stiffened elements, the local buckling co-
efficient K could be assumed conservatively to be equal
to 4.0. The local buckling coefficient of unstiffened
elements could be calculated theoretically as described

in section 6.2.
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2. Assume a reasonable value of stress on the
effective area (Oeff=P/Aeff) corresponding to the
flexural buckling of the column, as an initial estimate.
This can be the flexural buckling stress of the column
section, computed using any one of the present methods
(AISI method for example).

3. Calculate the stresses and tangent moduli of
the flat and corner elements at the assumed stress on
the effective area, using the stress strain relation-
ship of the elements.

4. Calculate the effective width of the flat ele-
ments using the proper effective width equation (eqn.
1.2.2 for stiffened elements and eqn. 3.4.5 for un-
stiffened elements).

5. Distribute the effective width of stiffened
and unstiffened elements adjacent to the supported edges
as shown in figs. B.3.19b, 4.4.9a. Calculate the
effective area (Aeff)’ effective moment of inertia (Ie

ff)
and effective tangent modulus stiffness (£ E , I, ).
N ti “i,eff
6. Determine the stress on the effective area

(Oeff) at the flexural buckling using the modified CRC

formula or modified tangent modulus formula given below.
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Modified CRC Formula:

2

o = T E_ when (L/r ) > V2(L/r) (A2.3.6)
eff 2 e’ — y
(L/r )
e
O .. =0 (1-06_(L/r )2/47°E) when (L/r ) < v2(L/r)
eff y y e e’ — y
(A2.3,7)
Modified Tangent Modulus Formula:
2
7 Z(E_. I, )
5 - ti "i,eff (A2.3.8)
eff A L2
eff

7. Compare the O calculated in step 6 with the

eff

Oeff assumed in step 2. If the difference is more than
an acceptable limit, assume a new value of the Oeff

equal to the average of the assumed and calculated values
from the preceding iteration and repeat steps 3 through
7.

8. 1If the difference between the assumed and cal-
culated values of the Oeff is within an acceptable error
margin, calculate the effective stress on all elements
using the stress strain curve of the elements. The

theoretical flexural buckling load of the column is given

by

Pcr = i Ai,eff Ui,eff (A2.3.9)



202

Using the steps enumerated, a numerical computation
of the flexural buckling strength of a slender column,

tested in this investigation, is presented below.

Numerical example: (Specimen LC - II)

Step 1. section dimensions and properties:
(fig. 3.2.2)

B

2.50 in., D = 4.007 in., t = 0.0492 in.,

L

57.19 in., w = 2.451 in., w/t = 49.81,

6 = 30.26 ksi
y

Total area:

A

(4 x w x t) + (2(D 2 x t) + Wtz)

(4 x 2.451 x .0492) + (2 x (4.007 - 2 x .0492)

+ (1 x .0492%)

A = 0.875 in?

Total moment of inertia:

3

3
2t
I = (D x L—I%—) + (4 x t x %5) + 4 xw x t

3
x(5 + )% = (4.007 x {2 x :0692)7,
3 12

+ (4 x 0492 x 22851y L 4 % 2,451 x .0492

12
(34%§l + .0492)72

I = 1.027 4in

[a}
]

vI/A = /1.02770.875
r = 1.085 in

L/r = 57.19/1.085

It

L/r 52.71
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Local buckling coefficient:

K = 0.820 (from table 6.3.1)
K = 0.820

Kﬂz E

12(1-u2) (w/t) 2

O =
cr

0.820 x T2 x 29500
12 x 0.91 x 49.81°2

o =8.81 ksi
cr

ﬂz E/o
y

(L/r)y

/%2 x 29500/30.26

(L/r)_=98.1
y

Step 2. Assume a value of Oeff
Computations of starting Oeff value using

the present AISI method.

At © = 0
e max y

unstiffened elements:

b =w x 1.19Y0 /o (1-0.297vc __/a )
e,u u cCY e max cr max
_ .81 _ /§.8l
= 2.451 x 1.19 35775(1 0.297 30.26)
b = 1.322 in
stiffened elements:
b = ws = (4.007 - 2 x .0492)

€,8 b, , = 3.909 in




. 2
Aeff = 0.653 in
s - leff _ 0.653
B A 0.857
o (L/r)2
O e QO _[1 - T—5—1]
eff y 41T2E

=0.746 x 30.26 [1 -
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Q = 0.746

30.26 x 52.712

o

4 x T2x29500

eff

]

= 21.65 ksi assumed

initial guess



Modified CRC Method:

Step 2,7 Step 3 Step 4 Step 5 Step 6
Calcu-
lated
Iteration| Assumed| (o Yflat lof
e max b (in) A r L/t eff
No. g = ¢ corner e eff eff eff X
eff 5 (ksi)
(ksi) (ksi) unstiffened | stiffened| (in®) | (in)
1 20.9 20.9 1.529 3.909 0.693(0.610 93.7 23.4
2 22.1 22.1 1.496 3.909 0.687]10.594 .3 22.9
3 22.5 22.5 1.486 3.909 0.68510.592 .6 22.6
Por = Aogs, 1% eff
= 0.685 x 22.6 = 15.54 kips
15.54 .
= = = 17.8 k
(Uav)theory Pcr/A 0.875 st
(o_.) = 18.48 ksi (from table 4.4.1)
av’expt.
error = 3.8 % (conservative)

G0¢



Modified Tangent Modulus Method:

Step 2,7 Step 3 Step 4 Step 5 Step 6
Calcu-
. . lated
Iteration] Assumed (Ge maX)flat be (in) Aeff tofe /e 5
No. c . 2 eff eff
eff = 0 corner unstiffened| stiffened| (in")| (in) (ksi)
(ksi) (ksi) st
1 20.9 20.9 1.529 3.909 0.693[/ 0.610[ 93.7( 33.1
2 27.0 27.0 1.383 3.909 0.664] 0.539| 106.1| 25.8
3 26.4 26 .4 1.395 3.909 0.667, 0.544] 105.1| 26.4
P = X o
er Al eff 1i,eff
= 0.667 x 26.4 = 17.61 ksi
Por 17.61
(Gav theory T A - 0.875 20.12 ksi
g ) = 18.48 ksi (from table 4.4.1)
av’ expt.
error = -8.97 (unconservative)

90¢
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B.4 Summary and Conclusions

Theoretical values of strength of beams and columns
with unstiffened elements in compression were calcu-
lated using the effective width equations for un-
stiffened elements (WU eqn., eqn. 3.4.5) and stiffened
elements (WS eqn., eqn. 1.2.2). The column flexural
buckling strength curves were derived using the tangent
modulus method and modified Column Research Council
method. Beam and column test results were compared with
the theoretical values. Column curves for DeWolf's col-
umns32 with stiffened elements, derived using the modi-
fied Column Research Council method, were also compared
with his test results. Finally a step by step pro-
cedure for calculating the flexural buckling strength
of a column was given and a numerical example was pre-
sented.

Winter's effective width equation derived for
stiffened elements (WS eqn. 1.2.2) is generally con-
servative if compared with the experimental effective
width of unstiffened elements. Whereas, Winter's
effective width equation for unstiffened elements (WU
eqn. 3.4.5) indicates a good correlation with the test
results., However the difference between the two

equations is marginal in the case of unstiffened ele-
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ments having a smaller postbuckling range (elements
having a smaller w/t ratio). The column curves ob-
tained using the modified Column Research Council
method exhibits a better correlation with the column
test results than the tangent modulus curves, es-
pecially when the flexural buckling stress on the
effective area of the column (O

P/ ) is nearly

eff B Aeff
equal to the yield stress of the material.

Note from the project directors: While Mr. Kalyanaraman
states his preference for the C.R.C. Column Curve over
the Tangent Modulus Method, which is his perfect right
as investigator, we as project directors wish to add that
the degree of accuracy of the two methods to us appears
to be about the same. Therefore the choice between the
two methods for specification and design use could well

be made on the basis of greater generality or practicality.

T. P. and G. W.
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LOCAL BUCKLING AND POSTBUCKLING PARAMETERS

TABLE 2.2.1

OF UNSTIFFENED ELEMENTS

215

3

e P 1 3
0.0 0.428 1.000 0.425 0.354 -——-
0.05 0.504 0.908 0.456 0.354 17.602
0.10 0.535 0.867 0.464 0.354 13.216
0.20 0.578 0.832 0.481 0.356 10.426
0.50 0.663 0.781 0.518 0.362 7.383
1.00 0.748 0.744 0.557 0.372 6.372
1.50 0.813 0.725 0.589 0.380 5.680
2.00 0.855 0.712 0.609 0.387 5.435
3.00 0.919 0.697 0.641 0.398 5.054
5.00 1.003 0.684 0.686 0.414 4.676
10.00 1.100 0.672 0.740 0.433 4.328
20.00 1.173 0.668 0.783 0.448 4.156
50.00 1.235 0.666 0.822 0.460 4.029
ol 1.287 0.665 0.856 0.469 3.965
€ Rotational edge restraint factor
Ke Elastic local buckling coefficient
! Modified plasticity index (ep/ee)
Kp Plastic local buckling coefficient
B_,B Constants in postbuckling behavior equations



MECHANICAL PROPERTIES OF HOT ROLLED STEEL

TABLE 3.2.1

SHEETS FOR COLUMN SPECIMENS
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O'y g

SHEET NO. (ksi) (ksi)
1 31.59 46 .71
2 30.73 47.05
3 30.63 46 .07
4 30.26 45.93
5 25.68 43.22
6 31.11 46 .13
7 31.29 47.69
8 30.50 45.98
9 31.05 46 .32
10 33.18 48.25




TABLE 3.2.2

STUB COLUMN SPECIMEN DIMENSIONS?

Sheet Area

Specimen No. BC(in) D(in) t(in) w/t (inz) L(in)
sC - 11 1 2.873 4.031 0.0490 57.63 0.9485 20.0
SC - 1 2 2 2.871 4.032 0.0489 57.71 0.9463 20.0
SC - IT 1 5 2.505 3.988 0.0477 51.52 0.8493 17.0
SC - I1 2 4 2,498 4.0009 0.0489 50.08 0.8711 17.0
SC - II1T 1 7 2.126 3.998 0.0484 42.93 0.7892 14.0
SC - 111 2 6 2.127 4.000 0.0484 42.95 0.7896 14.0
SC - IV 1 7 1.751 2.997 0.0483 35.25 0.6185 12.0
SC - 1V 2 8 1.727 3.034 0.0480 34.98 0.6136 12.0
sc - Vv1 10 1.497 3.011 0.0487 29.74 0.5754 10.0
SC - 1 2 9 1.501 3.003 0.0488 29.76 0.5766 10.0
a - refer to fig. 3.2.2

L1z



LOCAL BUCKLING COEFFICIENT FROM STUB COLUMN TESTS

TABLE 3.4.1

X a
Theoretical

Experimental
Specimen w/t (D-T)/BC Gcr(ksi) K 1 C Average
SC - 11 57.63 1.39 8.35 1.040 1.11 0.84 0.975
SC - I 2 57.71 1.39 7.72 0.964 1.11 0.84 0.975
SsC ~ II 1 51.52 1.57 9.54 0.949 1.10 0.84 0.970
SC - I1 2 50.08 1.59 9.69 0.912 1.10 0.81 0.955
sC - IIT 1 42.93 1.86 13.72 0.948 1.10 0.75 0.925
SC - IIT 2 42.95 1.86 13.81 0.955 1.10 0.75 0.925
SsC - 1V 1 35.25 1.68 21.14 0.985 1.10 0.78 0.940
SC -~ 1V 2 34.98 1.73 21.48 0.986 1.10 0.78 0.940
sC - Vv1 29.74 2.06 26.40 0.876 1.10 0.73 0.915
SC - V 2 29.76 1.97 25.52 0.848 1.10 0.73 0.915

a - From REF.

7
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TABLE 3.4,2

EXPERIMENTAL EFFECTIVE WIDTH AT ULTIMATE LOAD

Ye max=0y Tav 9%r % max Oav
Specimen (w/t) Pu(K) (ksi) (ksi) (ksi) o o] be/w (z/t)max
cr cr
sC I1 57.63 23.35 31.59 17 .54 8.35 3.78 2.10 0.556 2.15
SC I 2 57.71 21.95 30.73 17.34 7.72 3.98 2.25 0.565 1.91
SC II 1 51.52 19.38 25.68 15.74 9.54 2.69 1.65 0.613 1.82
SC 11 2 50.08 21.78 30.26 17.35 9.69 3.12 1.79 0.574 1.36
SC IIT 1 42,93 19.78 31.29 19.08 13.72 2.28 1.39 0.610 1.16
SC I1II 2 42,95 21.70 31.11 19.33 13.81 2.25 1.40 0.622 1.21
SC Iv 1 35.25 17.58 31.29 23.25 21.14 1.48 1.10 0.743 0.96
SC Iv 2 34.98 16.80 30.50 22.12 21.48 1.42 1.03 0.725 0.83
SC Vi 29.74 17.70 33.18 26 .40 26 .40 1.27 1.00 0.787 0.53
SC vV 2 29.76 16.63 31.05 22.46 25.52 1.22 0.88 0.721 0.52

6T¢



TABLE 3.4.3

STUB-COLUMN SPECIMEN DIMENSIONS a,b
Specimen BC(in)  D(in) t(in) w/t  Area(in?) L(in)  (D-t)/BC
UD - 1 1.00 3.00 0.058 16.2 0.565 7.4 2.94
UD - 2 1.25 3.00 0.058 20.55 0.623 9.0 2.35
UD - 3 1.50 3.00 0.058 24,86 0.681 9.0 1.96
UD - 4 1.75 3.00 0.058 29.17 0.739 9.0 1.68
EXPERIMENTAL RESULTS

Experimental Theoreticald Pu Oe max=0y Tav 9% max Tav Eg
Specimen Ocr(k51) K I C Avg. (k) (ksi) (ksi) Our or W
UD - 1 71.12° 0.700 1.098 0.635 0.784 24.7 41.9 46.63 0.58 0.66 1.100
UD - 2 49.69% 0.787 1.099 0.716 0.867 25.8 41.9 40.80 0.84 0.82 0.973
UD - 3 35.60 0.825 1.100 0.788 0.908 27.0 41.9 37.29 1.18 1.05 0.890
UD - 4 26.90 0.858 1.095 0.472 0.944 27.4 41.9 32.78 1.56 1.22 0.782
a - Tested by John DeWolf (Ref. 32) ¢ - Based on the assumed buckling

b - Refer to Fig. 3.2.2 coefficient
d - From Ref. 7
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TABLE 3.4.4

INITIAL IMPERFECTION PARAMETER IN

EFFECTIVE WIDTH EQUATION

2
.504 .214
.535 .248
.578 .279
.663 .325
.748 . 350
.813 .361
.855 .366
.919 .375
1.003 .379
1.100 .381
1.173 .379
1.235 .378
1.287 .376
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TABLE 3.4.5

COMPARISON OF EFFECTIVE WIDTHS OF STUB

COLUMN UNSTIFFENED FLANGES

222

) EXPERIMENTAL Egn. 3.4.1 Eqn. 3.4.5
Specimen w/t Oc/max v 7
K ——== b [w b /w ° /w

or e e diff. e diff.
Sc-1 1 57.63 1.040 3.78 0.556 0.558 -0.5 0.518 6.8
sc-I1 2 57.71 0.964 3.98 0.565 0.542 4.0 0.508 10.2
sc-I1 1 51.52 0.949 2.69 0.613 0.598 2.4 0.594 3.1
SC-I1 2 50.08 0.912 3.12 0.574 0.570 0.7 0.560 2.4
SC-III 1 42.93 0.940 2.28 0.610 0.627 =-2.8 0.633 -3.7
SC-III 2 42.95 0.955 2.25 0.622 0.631 -1.5 0.636 -2.3
Sc-1v 1 35.25 0.982 1.48 0.743 0.727 2.1 0.739 0.5
SC-1v 2 34.98 0.986 1.42 0.725 0.738 -1.8 0.749 -3.4
SC-v 1 29.74 0.876 1.27 0.787 0.762 3.1 0.777 1.2
SC-v 2 29.76 0.848 1.22 0.721 0.773 -7.2 0.787 -9.2
UD-1 16.20 0.700 0.58 1.100 1.000 9.00 0.952 13.4
UD-2 20.55 0.787 0.84 0.973 0.897 7.80 0.877 9.9
UD-3 24.86 0.825 1.18 0.890 0.783 12.1 0.796 10.6
UD~-4 29.17 0.858 1.56 0.782 0.706 9.7 0.726 7.2

a - Using experimental K values



*
DIMENSIONS

TABLE 4.2.1

AND SECTION PROPERTIES OF COMPRESSION SPECIMENS

Col. A 1 .

Sheet D BC T Length L re; le‘
Specimen No. (in.) (in.) (in.) w/t (in.) (in.) (in.") (in. ")
LC-11 1 4.024 2.866 .0489 57.61 60.00 63.25 .9425 1.542
LC-12 1 4.031 2.869 0.0492 7.31 89.00 92,25 0.9495 1.556
LC-13 2 4.006 2.876 0.0488 57.93 120.00 123.25 0.9408 1.555
LC~-1I 4 4,007 2.500 .0492 50.81 53.94 57.19 .8745 1.030
LC-112 4 4.018 2.501 .0487 50.36 86.95 90.20 .8670 1.021
LC-1I1I3 5 4.008 2.509 .0489 50.31 120.00 123.25 .8711 1.035
LC-TITI1 7 4.039 2.113 0 93 41.86 47.94 51.19 .8031 0.624
LC-TII2 6 4,015 2.120 .0483 42.89 84 .00 87.25 .7861 0.617
LC-III3 5 3.990 2.126 .0488 42.57 120.00 123.25 .7928 0.629
LC-1IV1l 9 3.018 1.743 .0474 35.77 47 .97 51.22 0.6057 0.337
LC-1V2 8 3.004 1.726 .0483 34.74 68.61 71.86 0.6123 0.334
LC-1IV3 7 3.015 1.742 .0492 34 .41 90.00 93.25 0.6277 0.349
LC-V1 10 3.029 1.488 0.0489 29.43 41.90 45,15 .5757 0.217
LC-V2 3 2.996 1.502 0.0492 29.53 53.88 57.13 .5786 0.224
LC~-V3 10 3.027 1.490 0.0491 29.35 72.00 75.25 0.5782 0.219

% - Refer to Fig.

3.

.2
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TABLE 4.4.1

TEST RESULTS OF COMPRESSION SPECIMENS

area

Specimen w/t L 9 rmin Puie. Pcr. Per/area L/rmin.
(in) (in?) tins (kip) (kip) (ksi)

LC-I1 57.61 63.25 0.943 1.279 14.00 14 .96 15.86 49 .45
LC-12 57.31 92.25 0.950 1.280 13.80 14.07 14.81 72.07
LC-I3 57.93 123.25 0.941 1.286 11.00 11.00 11.69 95.84
LC-II1 50.81 57.19 0.875 1.085 16.00 16.17 18.48 52.71
LC-I12 50. 36 90.20 0.868 1.085 12.80 13.16 15.18 83.13
LC-II3 50.31 123.25 0.871 1.090 9.73 9.95 11.42 113.07
LC-TII1 41.86 51.19 0.803 0.881 16.10 16.49 20.54 58.10
LC-ITI2 42.89 87.25 0.786 0.886 11.00 11.66 14.83 98.48
LC-ITII3 42.57 123.25 0.793 0.891 8.70 8.83 11.13 138.33
LC-1IV1 35.77 51.22 0.606 0.746 11.96 12.19 20.12 68.66
LC-1V2 34.74 71.86 0.612 0.738 10.50 11.29 18.45 97.37
LC~-IV3 34.41 93.25 0.628 0.746 8.90 8.96 14.27 125.00
LC-V1 29 .43 45.15 0.576 0.614 14.55 14.63 25.40 73.53
LC-V2 29.53 57.13 0.579 0.623 12.20 12.65 21.85 91.70

LC-V3 29.35 75.25 0.578 0.615 10.75 10.75 18.60 122.36

vt




TABLE 4.4.2

SECTION PROPERTIES AND TEST RESULTS OF DeWOLF'S COMPRESSION SPECIMENS

Specimen w/t Areg I min. r min. P Pu/A e
(in. ") (in.) (in.) (kips) (ksi)

UD-11 16.2 0.5637 0.0778 0.3715 4.8 24,7 43.82 12.92
UD-12 16.2 0.5637 0.0778 0.3715 20.7 21.4 37.96 55.72
UD-13 16.2 0.5637 0.0778 0.3715 33.1 20.4 36.19 89.10
UD-14 16.2 0.5637 0.0778 0.3715 43.2 12.2 21.64 116.29
UD-21 20.5 0.6217 0.1516 0.4938 5.9 25.4 40.86 11.95
UD-22 20.5 0.6217 0.1516 0.4938 5.9 26.1 41.98 11.95
UD-23 20.5 0.6217 0.1516 0.4938 26.2 24,0 38.60 53.06
UD-24 20.5 0.6217 0.1516 0.4938 42.2 20.4 32.81 85.46
UD-25 20.5 0.6217 0.1416 0.4938 53.1 15.0 24 .13 107.53
UD-31 24 .8 0.6797 0.2617 0.6205 5.9 27.0 39.72 9.51
UD-32 24.8 0.6797 0.2617 0.6205 26.2 23.6 34.72 42.22
UuD-33 24 .8 0.6797 0.2617 0.6205 48.2 22.8 33.54 77.68
UD-34 24,8 0.6797 0.2617 0.6205 59.1 18.0 26.48 95.25
UD-41 29.1 0.7377 0.4152 0.7503 5.9 27 .4 37.14 7.86
UD-42 29.1 0.7377 0.4152 0.7503 33.1 23.4 31.72 44,12
UD-43 29.1 0.7377 0.4152 0.7503 69.1 20.0 27 .25 92.10

a-—

From reference 32.

¢



a
DIMENSIONS AND SECTION PROPERTIES OF BIJLAARD'S ALUMINUM COMPRESSION SPECIMENS

TABLE 4.4.3

D BC TF

W

Area

Spec. w/TF K Iy N 1
(in.) (in.) (in.) (in.) (in.) (ksi) (ksi)
J 1.875 1.406 0.128 0.125 10.50 0.922 0.741 83.0 10430 28 85.75
K 2.500 1.906 0.129 0.122 14.30 1.257 0.727 84.0 10430 30 86.38
L 3.000 2.313 0.124 0.126 18.14 1.494 0.760 82.0 10430 25 84.95
a - From reference 27.
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SECTION PROPERTIES AND TEST RESULTS OF BIJLAARD'S

TABLE 4.4 .4

ALUMINUM COMPRESSION SPECIMENS?

227

L P /A

Specimen (in) L/r (Esi)
J-1 17.62 25.0 62.50
- 21.16 30.0 61.00
-3 24.65 35.0 59.20
- 28.84 40.8 56 .30
- 29.84 42.5 54.85
- 29.84 42.5 55.20
-7 35.20 50.0 41.75
K-1 24.15 25.0 49.90
K-2 29.03 30.0 47.60
K-3 33.84 35.0 42.60
- 38.70 40.0 39.20
K-5 43.53 45.0 36.15
K-6 48,37 50.0 33.80
L-1 29.23 25.0 41.30
L-2 41.10 35.0 32.40
L-3 46 .86 40.0 28.80
- 52.27 44 .9 26.20
- 64 .48 55.0 23.80
- 72.66 62.0 20.65
- 72.66 62.0 21.60
-8 80.97 69 .1 20.35
-9 93.80 80.0 15.60

a

from reference 27.



TABLE 4.4.5

SECTION PROPERTIES AND TEST RESULTS OF STUB COLUMN SPECIMENS

Specimen  w/t A , oy Py P SPTigt Q P /A (L/1)
(in. (ksi) (kips) (kips) u AISI (ksi)
sc-I1 57.63 0.9485 31.59 29.96 23.35 0.779 0.130 24.61 7.80
sc-12 57.71  0.9463 30.73 29.08 21.95 0.755 0.130 23.19 7.81
SC-1II1 51.52 0.8493 25.68 21.81 19.38 0.889 0.196 22.82  7.81
SC-II2 50.08 0.8711 30.26 26.36 21.78 0.826 0.176 25.00 7.84
sc-III1  42.93 0.7892 31.29  24.69 19.78 0.801 0.232 25.06 7.86
sc-III2 42.95 0.7896  31.11  24.56 21.70 0.884 0.233  27.48  7.86
SC-1IV1 35.25 0.6185 31.29 19.35 17.58 0.909  0.344  28.42  7.94
SC-1IV2 34.98 0.6136 30.50 18.71 16.80 0.898 0.358 27.38  8.14
SC-V1 29.74 0.5754  33.18 19.09 17.70 0.927 0.455 30.76 8.07
SC-V2 29.76 0.5766  31.05 17.90 16.63 0.929 0.486 28.84  8.04

8C¢C



TABLE 4.4.6

SECTION PROPERTIES AND TEST RESULTS OF SLENDER COMPRESSION SPECIMENS

Specimen w/t Q PY P A , P/Py (L/r)y (L/x) L/r
(ksi) (kips) (in. ") (_L/r)y
LC-11 57.61 0.767 31.59 14.96 0.9425 0.5025 96 .00 49.45 0.515
LC-I2 57.31 0.767 31.59 14.07 0.9495 0.4691 96 .00 72.07 0.751
LC-13 57.93 0.767 30.73 11.00 0.9408 0.3805 97.34 95.84 0.985

LC-II1 50.81 0.858 30.26 16.17 0.8745
LC~T112 50.36 0.858 30.26 13.16 0.8670
LC-11I2 50.31 0.858 25.68 9.95 0.8711

o

.6111 98.09 52,71 0.537
.5016 98.09 83,13 0.848
L4448 106.48 113.07 1.062

o O

LC~-ITI1 41.86 0.843 31.29 16.49 0.8031
LC-ITI2 42.98 0.843 31.11 11.66 (0.7861
LC-ITII3 42.57 0.843 25.68 8.83 0.7928

o

.6562 96.46 58.10 0.602
4768 96.74 98.48 1.018
.4337 106.48 138.33 1.299

o o

LC-1V1 35.77 0.904 31.05 12.19 0.6057
LC-1IV2 34.74 0.904 30.50 11.29 0.6123

o

.6482 96.83 68.66 0.709
.6045 97.70 97.37 0.997

o

LC~-1IV3 34.41 0.904 31.29 8.96 0.6277 0.4562 96.46 125.00 1.296
LC-V1 29.43 0.928 33.18 14.63 0.5757 0.7659 93.67 73.53 0.785
LC-V2 29.53 0.928 30.63 12.65 0.5786 0.7138 97.50 91.70 0.941
LC-V3 29.35 0.928 33.18 10.75 0.5782 0.5603 93.67 122.36 1.306

677
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TABLE 5.2.1
MATERIAL PROPERTIES OF HOT ROLLED STEEL SHEETS

FOR BEAM SPECIMENS

Sheet No. Oy(ksi) Ou(ksi)
I 51.0 65.5
I1 53.8 69.5
I11 51.3 65.8
Vv 50.2 64.5
\Y 35.9 50.0

VI 33.8 48.5




231
TABLE 5.2.2

DIMENSIONS OF BEAM SPECIMENS

Spec- Sheet BC BT D t RC w/t LS L
imen  No. (in.) (in) (din) (in) (in) (in) (in)
B-1 1 4.360 7.744 4.047 0.0708 0.00 60.5 19.0 73.0
B-2 II 3.847 7.683 4.023 0.0711 0,00 53.1 19.0 70.0
B-3 11 3.410 8.140 4.198 0.0750 0.00 44.5 19.0 70.0
B~4 I 2.840 6.139 3.189 0.0750 0.00 36.9 19.0 58.0
B-5 III 2.278 6.094 3.272 0.0740 0.00 29.8 19.0

B-6 ITI 1.868 6.069 3.194 0.0756 0.00 23.7 19.0 58.0
B-7 III 1.529 4.125 2.180 0.0748 0.00 19.4 16.0 52.0
B-8 IV 1.310 4.151 2.188 0.0735 0.00 16.8 16.0 48.0
B-9 IV 1.074 4.163 2.182 0.0753 0.00 13.3 16.0 48.0
B-10 1V 0.870 4.157 2.177 0.0755 0.00 10.5 16.0 48.0
B-11 IV 0.654 4.150 2.160 0.0755 0.00 7.7 16.0 48.0
B-12 Vv  2.211 5.971 2.996 0.0994 0.00 21.2 19.0 56.0
B-13 VvV  2.044 5.891 3.006 0.0997 0.00 19.5 19.0 56.0
B-14 vV  1.761 4.963 2 .498 0.0998 0.00 16.6 15.0 45.0
B-15 VI 1.510 4.969 2.500 0.1002 0.00 14.1 15.0 45.0
B-16 VI 1.364 5.102 1.995 0.0993 0.00 12.7 16.0 45.0
B-17 yI 1.129 3.999 1.990 0.0997 0.00 10.3 16.0 45.0
B~18 Vi 0.887 3.969 2.000 0.1001 0.00 7.9 16.0 45.0
UP-92 —— 1.680 1.671 3.978 0.0600 0.06226.021.0 60.0
UP-10% —- 1.220 1.241 &4 .013 0.0350 0.06232.120.0 60.0
UP-112% —— 1.417 1.446 t.005 0.0347 0.06238.020.0 60.0
UP-122 —— 1.616 1.648 % .001 0.0355 0.06242.820.0 60.0

a - Reck's Specimens
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TABLE 5.4.1

THEORETICAL AND EXPERIMENTAL MOMENTS

OF BEAM SPECIMENS

Spec- w/t My "o "y & MMy 9y w/e o TK
imen (in-K) (in-K) (in-K) (ksi) y
B-1 60.5 138.7 145.0 81.7 0.961 0.589 51.0 441
B-2 53.1 132.3 144.5 80.9 0.934 0.611 53.8 403
B-3 44.5 134.7 156.1 81.2 0.831 0.603 53.8 358
B-4 36.9 77.6 87.6 54.3 0.791 0.699 51.0 296
B-~5 29.8 67.7 81.7 52.3 0.798 0.773 51.3 238
B-6 23.7 58.4 74.2 52.4 0.584 0.897 51.3 222
B-7 19.4 29.5 36.1 25.8 0.619 0.875 51.3 177
B-8 16.8 25.7 32.8 26.4 0.604 1.027 50.2 153
B-9 13.3 23.0 30.8 27.0 0.586 1.174 50.2 123
B-10% 10.3 20.0 28.1 25.7 0.568 1.285 50.2 97
B-112 7.7 17.0 25.1 24.9 0.550 1.465 50.2 74
B-12 21.2 54.3 66.2 50.6 0.620 0.932 35.9 161
B-13 19.5 51.6 64.1 51.2 0.616 0.992 35.9 149
B-14 16.6 35.9 44.6 34.7 0.618 0.967 35.9 127
B-15 14.1 30.6 39.5 34.4 0,604 1.124 33.8 105
B-16 12.7 21.0 27.7 25.8 0.618 1.229 33.8 94
B-17 10.3 17.9 23.8 24.9 0.600 1.391 33.8 77
B-18 7.9 15.5 21.6 23.5 0.580 1.156 33.8 60
UP-9° 26.0 44.0 51.1 36.9 0.747 0.839 42.0 195
UP-10° 32.1 18.2 21.8 14.3 0.666 0.786 36.0 236
UP-11° 38.0 20.0 23.5 15.5 0.804 0.775 36.0 254

a - Experimental K in the elastic range and theoretical

Kp in the plastic range.
b -~ Specimen failed due to lateral buckling.

¢ - Reck's Specimens



TABLE 5.4.2
ELASTIC LOCAL BUCKLING AND POSTBUCKLING TEST RESULTS OF BEAM SPECIMENS

Experimental Theoretical Experimental Theoretical
ipec- e et K K 7y 2y Cav Ze E 3.4.1 E 3.4.5
e ) (ksi) € P (kSi)Ocr Ter v b:?& Zér;or b:?é Zér;or
B-1 60.5 6.99 0.961 0.948 0.660 51.0 7.30 3.06 0.419 .480 -14.6 .392 6.4
B-2 53.1 8.82 0.920 0.926 0.646 53.8 6.10 2.84 0.466 .491 - 5.4 .424 13.6
B-3 44.5 11.21 0.831 0.901 0.632 53.8 4.80 2.40 0.500 .504 - 0.8 .469 6.9
B-4 36.9 15.52 0.791 0.916 0.640 51.0 3.29 1.69 0.514 .549 - 6.8 .549 0.0
B-5S 29.8 23.54 0.798 0.874 0.624 51.3 2.18 1.21 0.555 .624 -12.4 .644 -3.5
B-6 23.7 27.70 0.584 0.844 0.604 51.3 1.85 1.10 0.595 .658 -10.6 .684 -3.9
uP-92 26.0 29.53 0.747 0.930 0.650 42.0 1.42 1.05 0.739 .728 1.4 .749 -2.9
UP-10® 32.1 17.26 0.666 0.875 0.620 36.0 2.09 1.30 0.622 .628 1.0 .654 -4.1
uP-11° 38.0 14.81 0.804 0.900 0.632 36.0 2.43 1.48 0.609 .603 1.0 .618 -2.5
vp-12" 42.8 8.11 0.560 0.925 0.645 - - - - - - - -

a - Reck's Specimens

Lec
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TABLE 5.4.3
ULTIMATE COMPRESSIVE STRAIN OF BEAM SPECIMEN

Specimen w/t K? ecuxlOOO ecu:1000 cu/ev
B-1 60.5 0.961 1.889 1.966 1.09
B-2 53.1 0.934 1.828 1.957 1.00
B-3 44,5 0.831 1.771 2.131 0.97
B-4 36.9 0.791 2.108 2.665 1.22
B-5 29.8 0.798 2.256 2.827 1.30
B-6 23.7 0.584 3.127 5.354 1.80
B-7 19.4 0.619 3.160 5.105 1.82
B-8 16.8 0.604 3.820 6.325 2.24
B-9 13.3 0.586 4.500 7.679 2.64
B-10" 10.3 0.568 3.636 -- --
B-11° 7.7 0.550 3.280 - -
B-12 21.2 0.620 2.780 4,484 2.28
B-13 19.5 0.616 2.826 4.588 2.32
B-14 16.6 0.618 3.776 6.110 3.10
B-15 14.1 0.604 3.840 6.358 3.35
B-16 12.7 0.618 4.590 7.427 4.01
B-17 10.3 0.600 5.845 9.742 5.10
B-18 7.9 0.580 8.600 14.828 7.51
UP-9°€ 26.0 0.747 1.424 1.906 1.04
UP-10°€ 32.1 0.666 1.220 1.832 0.87
vp-11° 38.0 0.804 1.220 1.517 0.91
a8 - Experimental K in the elastic range and theoretical
Kp in the plastic range.
b - Specimen failed due to lateral buckling

¢ - Reck's Specimens



TABLE 6.2.1

LOCAL BUCKLING COEFFICIENT OF UNSTIFFENED ELEMENTS IN SHORT COMPRESSION MEMBERS

a expt ' p %

Spec. (w/t) (kzi)Bb/Br € Ke Kp Ky Ky/Ke Kexpt. Ke—Kp Ktheory diff.
sc-1 1 57.6 31.6 0.713 5.41 1.028 0.702 3.94 3.83 1.040 1.037 0.932 10.3
sC-I1 2 57.7 30.7 0.721 5.40 1.028 0.702.3.83 3.73 0.964 0.804 0.925 4.1
SC-IT 1 51.5 25.7 0.628 4.69 0.992 0.682 2.56 2.58 0.949 0.861 0.804 15.3
SC-ITI 2 50.1 30.3 0.623 4.64 0.990 0.680 2.85 2.88 0.912 0.748 0.825 9.5
SC-IIT1 42.9 31.3 0.532 3.86 0.962 0.664 2.17 2.25 0.940 0.926 0.757 19.5
SC-I1I2 43.0 31.1 0.532 3.86 0.962 0.664 2,16 2.24 0.955 0.977 0.756 20.8
SC-IV 1 35.3 31.3 0.584 4.31 0.982 0.674 1.46 1.49 0.982 1.000 0.711 27.6
§c-1Iv 2 35.0 30.5 0.569 4.18 0.978 0.670 1.40 1.43 0.986 1.026 0.703 28.7
scC-v 1 29.7 32.2 0.497 3.55 0.950 0.660 1.10 1.16 0.876 0.745 0.671 23.3
sc-v 2 29.8 31.1 0.500 3.58 0.952 0.662 1.03 1.08 0.848 0.641 0.668 21.2
up-17% 16.2 41.9 0.333 2.03 0.858 0.610 0.52 0.48 - - 0.610 -
up-2* 20.6 41.9 0.417 2.83 0.914 0.640 0.58 0.73 - - 0.640 -
up-1* 24.9 41.9 0.500 3.58 0.952 0.662 0.97 1.02 0.825 0.562 0.663 19.6
up-4"~ 29.2 41.9 0.583 4.30 0.982 0.674 1.34 1.36 0.858 0.597 0.702 18.2

* DeWolf's specimens

GEe



TABLE 6.2.2
LOCAL BUCKLING COEFFICIENT OF UNSTIFFENED ELEMENTS IN FLEXURAL MEMBERS

Oy KexEtTKE 7%
Spec. (w/t) (ksi)Bb/Br € Ke Kp Ky Ky/Ke Kexpt.Ke_Kp Ktheory Diff.
Bl 60.5 51.0 1.077 3.06 0.924 0.640 7.00 7.58 0.961 1.130 0.924 3.9
B2 53.1 53.8 0.956 2.70 0.906 0.638 5.69 6.28 0.920 1.052 0.906 1.6
B3 44.5 53.8 0.812 2.24 0.874 0.620 3.99 4.57 0.831 0.831 0.847 -1.9
B4 36.9 51.0 0.891 2.50 0.890 0.628 2.61 2.93 0.791 0.622 0.754 4.7
B5 29.8 51.3 0.696 1.86 0.842 0.604 1.71 2.03 0.798 0.815 0.665 16.6
B6 23.7 51.3 0.585 1.49 0.810 0.586 1.08 1.33 0.584 0.000 0.605 ~-3.5
UP—a- 26.0 42.0 0.422 4.69 0.990 0.682 1.07 1.08 0.747 0.211 0.651 12.8
UP—ldr 32.1 36.0 0.304 3.13 0.930 0.644 1.40 1.50 0.666 0.077 0.639 4.1
UP—lf- 38.0 36.0 0.354 3.80 0.962 0.662 1.95 2.03 0.804 0.473 0.698 13.2
UP—lg- 42.8 36.0 0.404 4.46 0.984 0.680 2.47 2.51 - - 0.560 -
B-1" 60.5 51.0 1.077 3.20 0.930 0.648 7.0 7.53 0.961 1.102 0.930 3.2
(Kr=33'0)
UP-11% 38.0 36.0 0.354 4.10 0.970 0.670 1.95 2.01 0.804 0.446 0.706 12.2
(Kr=23'9)

* Rotational restraint by the web calculated using the actual stress
distribution in the web.

1- Peter Reck's specimens.

Yt ¢
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TABLE 6.2.3
STRAIN CAPACITY OF UNSTIFFENED ELEMENTS IN FLEXURAL

SPECIMENS

%
Spec. (w/t)Ktheory Oy (w/t)lim (Eculxpt(ecuiheoryDiff
Bl 60.5 0.924 51.0 17.4 1889 1729 8.5
B2 53.1 0.906 53.8 16.8 1828 1824 0.2
B3 44.5 0.847  53.8 16.3 1771 1824  -3.0
B4 36.9 0.754 51.0 16.0 2108 1729 18.0
B5 29.8 0.665 51.3 15.3 2256 1739 22.9
B6 23.7 0.605 51.3 14.9 3127 1739 4a ., 4
B7 19.4 0.604 51.3 14.9 3160 1739 45.0
B8 16.8 0.588 50.2 15.0 3820 1702 55.5
B9 13.3 0.565 50.2 14.8 4500 2903 35.5
B10O* 10.3 0.542 50.2 14.7 3636 4615 -
Bll* 7.7 0.502 50.2 14.5 3280 7623 -
B12 21.2 0.590 35.9 17.7 2780 1218 56.2
B13 19.5 0.582 35.9 17.6 2826 1218 56.9
Bl4 16.6 0.604 35.9 17.8 3776 1970 47.8
B15 14.1 0.588 33.8 18.2 3840 2685 30.1
B16 12.7 0.602 33.8 18.3 4590 3354 26.9
B17 10.3 0.584 33.8 18.2 5845 4952 15.3
B18 7.9 0.555 33.8 18.0 8600 8117 5.6
UP-1  26.0 0.651 42.0 16.8 1424 1424 0.0
UP-2 32.1 0.639 36 .0 18.0 1220 1220 0.0
UP-3 38.0 0.698 36.0 18.5 1220 1220 0.0
UP-4 42.8 0.560 36.0 17.5 1220 1220 0.0
* - Specimen failed due to lateral buckling.

Peter Reck's specimens.



TABLE 6.3.1

EFFECTIVE WIDTHS OF UNSTIFFENED ELEMENTS IN SHORT COMPRESSION MEMBERS

7 x R E S T Sl S O AT
Specimen w/t (ksi) “theory (ksi) Our Voexpt © ) ' e
sc-1 1 57. 31. 0.932 7.5 4,222 0.556 .531 4, 0.495 10.9
SC-1 2 57. 30. 0.925 7.4 4,150 .565 .532 5. 0.499 11.7
SC-II 1 51. 25. 0.804 8.1 3.180 .613 .556 9. 0.556 9.3
SC-IT 2 50. 30. 0.825 8.8 3.450 .574 .546 4, 0.538 6.3
SC~III 1 42. 31. 0.757 11.0 2.857 0.610 .570 6. 0.580 4.9
SC-IIT 2 43. 31. 0.756 10.9 2.847 .622 .570 8. 0.581 6.6
SC~-IV 1 35. 31. 0.711 15.3 2.051 0.743 .633 14, 0.658 11.4
SC-Iv 2 35. 30. 0.703 15.3 1.991 0.725 .640 11. 0.666 8.2
SC-Vv 1 29. 33. 0.671 20.2 1.640 .787 .688 12, 0.713 9.4
SC-v 2 29 31. 0.668 20.1 1.544 0.721 . 704 2. 0.728 ~1.0

8¢€¢C



cont. TABLE .3.1
UD-1% 16. 41.
UD-2% 20. 41.
UD- 3% 24, 41.
UD-4%* 29, 41.

.610

.640

.663

.702

62.

4Q.

28.

22.

.676

.037

.465

.905

.100

.973

.890

.782

1.018

0.835

0.720

0.650

14.

19.

16.

.924

.827

742

.676

l6.

15.

16.

13.

* DeWolf's specimens
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TABLE 6.3.2

EFFECTIVE WIDTHS OF UNSTIFFENED ELEMENTS IN FLEXURAL MEMBERS

5 a Eqn. 3.4.1 Eqn. 3.4.5
. y T (b [w) b /w % diff. b /w % diff.

Specimen w/t (ksi) Ktheory (W/tlim Ocr e expt. € €

Bl 60.5 51.0 0.924 6.7 7.577 0.419 0.475 -13.4 0.386 8.0
B2 53.1 53.8 0.906 8.6 6.280 0.466 0.487 -4.,6 0.418 10.2
B3 44.5 53.8 0.847 11.4 4.718 0.500 0.508 -1.6 0.473 5.4
B4 36.9 51.0 0.754 14.8 3.454 0.514 0.539 -4.9 0.538 -4.6
B5 29.8 51.3 0.665 20.0 2.569 0.555 0.584 5.2

UpP-9%* 26.0 42.0 0.651 25.7 1.636 0.739 0.689 0.714 3.4
UP-10% 32.1 36.0 0.639 16.5 2.177 0.622 0.618 0. 0.644 -3.5
UP-11%* 38.0 36.0 0.698 12.9 2.793 0.609 0.570 0.585 3.9
UP-12%* 42.8 36.0 0.560 8.2 4.417 0.500 0.491 0.486 2.8

* Peter Reck's specimens

ove



TABLE 6.3.3
EFFECTIVE WIDTHS OF UNSTIFFENED ELEMENTS IN SHORT COMPRESSION MEMBERS

Yk Ter g Doy Y TR a1
Specimen w/t (ksi) “theory (ksi) cT Voexpt. e ° :
SC-1 1 57.6 31.6 0.932 7.5 4.222 0.556 0.472 15.1
SC-1 2 57.7 30.7 0.925 7.4 4.150 0.565 0.475 15.9
SC-I1 1 51.5 25.7 0.804 8.1 3.180 0.613 0.515 15.9
SC-1I1 2 50.1 30.3 0.825 8.8 3.450 0.574 0.502 12.5
SC-III 1 42.9 31.3 0.757 11.0 2.857 0.610 0.534 12.3
SC-1II1I 2 43.0 31.1 0.756 10.9 2.847 0.622 0.535 14.0
sC-1v 1 35.3 31.3 0.711 15.3 2.051 0.743 0.603 18.8
SC~-1IV 2 35.0 30.5 0.703 15.3 1.991 0.725 0.611 15.7
sC-v 1 29 .7 33.2 0.671 20.2 1.640 0.787 0.660 16.1
SC-V 2 29.8 31.1 0.668 20.1 1.544 0.721 0.677 6.1
UD-1% 16.2 41.9 0.610 62.0 0.676 1.100 0.965 12.3
UD-2%* 20.6 41.9 0.640 40.4 1.037 0.973 0.802 17.6
UD-3% 24.9 41.9 0.663 28.6 1.465 0.890 0.692 22.2
UD-4% 29 .2 41.9 0.702 22.0 1.905 0.782 0.628 19.7

* DeWolf's specimens

I9e



TABLE 6.3.4
EFFECTIVE WIDTHS OF UNSTIFFENED ELEMENTS IN FLEXURAL MEMBERS

- °y & o/t Z—L ey Eqs. 3.4.1 & 6.3.1
Specimen w/t (ksi) theory lim. cr v expt. be/w % diff.
Bl 60.5 51.0 0.924 6.7 7.577 0.419 0.411 1.9
B2 53.1 53.8 0.906 8.6 6.280 0.466 0.427 8.4
B3 44,5 53.8 0.847 11.4 4.718 0.500 0.458 8.4
B4 36.9 51.0 0.754 14.8 3.454 0.514 0.502 2.3
B5 29.8 51.3 0.665 20.0 2.569 0.555 0.555 0.0
B6 23.7 51.3 0.605 28.7 1.786 0.595 0.637 -7.1
UP-9%* 26.0 42.0 0.651 25.7 1.636 0.739 0.661 10.6
UP-10%* 32.1 36.0 0.639 16.5 2.177 0.622 0.598 5.1
UP-11%* 38.0 36.0 0.698 12.9 2.793 0.609 0.539 11.5
UpP-12% 42.8 36.0 0.560 8.2 4.417 0.500 0.466 6.8

* Peter Reck's specimens.

[Ar
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TABLE B.2.1 COMPARISON OF EFFECTIVE WIDTHS - STUB COLUMNS

Experiment WU eqgn. WS eqgn.

Specimen w/t

g

e max

——="b /w b /w % error b /w % error
OCr e e e

sc I1 57.6 3.78 0.556 0.518 6.8 0.456 18.0
SC I2 57.7 3.98 0.565 0.508 10.2 0.446 21,1
SsCc I11 51.5 2.69 0.613 0.594 3.1 0.528 13.9
sc 112 50.1 3.12 0.574 0.560 2.4 0.496 13.6
SC IIIl 42.9 2.28 0.61 0.633 =-3.7 0.566 7.2
SC 1112 43.0 2.25 0.622 0.636 -2.3 0.569 .5
SsC 1Ivy 35.3 1.48 0.743 0.739 0.5 0.673 9.4
sc 1v2 35.0 1.42 0.725 0.749 -3.4 0.684 5.7
SC V1 29.7 1.27 0.787 0.777 1.2 0.714 9.3
SC v2 29.8 1.22 0.721 0.787 -9.2 0.725 0.5
UD—l* 16.2 0.58 1.100 0.952 13.4 0.934 15.1
UD—Z* 20.6 0.84 0.973 0.877 9.9 0.829 14.R%
UD—3* 24.9 1.18 0.890 0.796 10.6 0.734 17.5
UD—4* 29.2 1.56 0.782 0.726 7.2 0.660 15.6
32

* - DeWolf test results.
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TABLE B.2.2 COMPARISON OF EFFECTIVE WIDTHS - BEAMS
Experiment WU eqn. WS eqn.
Specimen w/t s
~& MAX v /w b /w % error b /w % error
o} e e e
cr
Bl 60.5 7.30 .419 0.392 6. .340 18.9
B2 53.1 6.10 466 0.424 9. .369 20.8
B3 44.5 4,80 .500 0.469 6. A1l 17.8
B4 36.9 3.29 .314 0.549 -6. .484 5.8
B5 29.8 2.18 .555 0.644 -~-16. .576 -3.8
B6 23.7 1.85 .595 0.684 -15, .616 -3.5
UP-9 " 26.0 1.42 0.739 0.749 1. .684 7.4
*
UP-10 32.1 2.09 .622 0.654 -4, .590 4.3
*
UP-11 38.0 2.43 .609 0.618 -~1. .551 9.5
*
UP-12 42.8 4.44 .500 0.485 3. 425 15.0

*

- Peter Reck

test results.



TABLE B.3.1

DIMENSIONS1 AND SECTION PROPERTIES OF COLUMNS WITH STIFFENED ELEMENTS2

Width- Width-
Thickness Thickness Area of Radius of Experi-
a B D T Single Double Full Cross- Gyration mental
Specimen (in) (in) (in) Thickness Thickness Section About Weak Buckling
Element Element 2 Axis (in) Coeffi-
(in™)
cient
S-1 2.0 3.5 0.058 57.2 16.7 0.86 0.799 4.85
S-2 2.0 5.0 0.058 83.0 16.7 1.03 0.836 5.37
S-3 2.0 7.0 0.058 117.4 16.7 1.26 0.869 6.11
S-4 2.0 9.0 0.058 151.8 16.7 1.49 0.890 6.90

1 - see fig. A2.3.19a

2 - DeWolf's Specimen32

%t
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TABLE B.3.2

*
TEST RESULTS OF COLUMNS WITH STIFFENED ELEMENTS

Test Slender- Ultimate
Column ness Ratio= Ultimate Stress=
Length Effective Eff.Length Load Ult.Load
Specimen (in) Length Rad. of (kips) Full Area
(in) Gyration (ksi)
s-1 10.5 6.8 8.5 34.6 40.5
27.9 31.1 39.0 32.0 37.4
52.0 55.2 69.1 29.6 34.6
88.0 91.2 114 .1 17.9 20.9
S-2 15.0 9.8 11.7 34.8 33.9
52.0 55.2 66.0 28.0 27.2
82.0 85.2 102.0 21.3 20.8
99.9 103.1 123.5 17.7 17.2
S-3 18.1 11.8 13.6 37.0 29.3
22.0 25.2 29.0 35.2 27.8
92.0 95.2 109.8 19.6 15.5
92.0 95.2 109.8 19.0 15.1
92.0 95.2 109.8 18.2 14.4
S-4 18.9 12.3 13.8 36.7 24,6
34.8 38.0 42.6 33.6 22.6
55.0 58.2 65.5 29.3 19.6
100.0 103.2 116.0 17.6 11.8
119.9 123.1 138.2 13.75 9.2
32

* — DeWolf's test results.
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Fig. 1.1 COMMON COLD-FORMED STRUCTURAL SHAPES



Supported Edge A "\\\\%y
>

Free Edge

Local Buckling of Unstiffened Element

Section Schematic
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Fig. 2.2.5 POSTBUCKLING PARAMETERS VS. BUCKLING
COEFFICIENT -~ UNSTIFFENED ELEMENTS
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