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ABSTRACT.

Columns in general can be regarded as bullt up of components,
These components may be of different structural form, such as
the column legs and the latticing of a Latticed Column,or may
be of the same form;such as the flange and web plates of a
Thin Walled Columm. In any one case failure may occur either
by integral column action -~ "Overall Instability" or by
failure of one of the components - "Component Instability".

The contents of the thesis are divided into two main parts.,
Part I presents a review of published Anslytical and Experimental
Investigations of Lattliced Columns, followed by a short critical
discussion, This reveals, on the experimental side, the lack
of complete column distortion data and on the theoreticgl side,
the absence of stability analysis of the column leg components
as distinct from the panel elements.

The review iz followed by the presentation of the experimentel
work carried out on a model latticed column, from which the
complete distortion of the column legs were obtalned by measure-
ment of the leteral deflections at 18 points slong their length.

Using the experimental work as a gulde an analysis is
developed, which gives the buckling load of I .atticed ¢olumns
based on the stability of the column legs. Account is teken
of the action of lateral loads on the column legs, the magnitude
of these loads being dependent on the elasticity of the letticing.

In its application, the critical stress given by this
trestment 1s taken as the "ideal column" buckling stress of the !
Perry-Robtertson formula, which is then utilised to compute actual
fallure stresses. Values calculated in this manner are compared
wlth the publlshed experimental results of other investigators,

Part IT gives a brief survey of the relevant published
theories of flexural and torsional integral column stability,
and flexural plate satabhillty under compressive actions.

The thesis then presents the experimental work carried out
on thin walled columns consisting of some 70 tests to destruction
of 3 ft. long channel sectlon specimens., The tests were designed
to cover the complete range of integral column and plate component
failure, Special study was made of the conditions obtaining
under simultaneous overall colurin and plate component collapse,

The chsracteristics of flange plate faillure were further
investigate¢ on two 12 ft. long channel section columns tested
to destructlon. Complote edpge deflection data for the flanges
together with a stress survey of the flange surface are presented.

The experimental buckling stress results of the plate
failure range, are analysed on the basis of the clessic plsate
buckling theory, leading to the evaluatlon of the degree of edw®
fixity of the flange plates.

This is followed by a comparison of the experimental results
with calculated distributions given by the Percy-Robertson
forrmula - the plate ceritical stress being taken as the "ideal
column" buckling stress - and by the present doy stress basis
of American design.

The findings of the investigations presented in the thesis
fell into two categoriles, nanmely/



namely

{1) Specific characteristics - appertsining to detalls
of theorebical and experimental. behaviour. ihese are
given in bthe Summarlse abt the end of ecach section.

(50 General features awounting to a substantiabtlon of the
Ferry -~ Bobertson formwla, while developed originally
for the "Overall® typs of fallure it is shown to be
applicable to the "Component™ failure range also,

rovided the values of the imperfection facltor and the
Tideal column® buckling stress correspond to the
characteristics ol the weakest columi component.

The theory of Laltticed Colwmmns presented in Section ITL ¢f
Part T has been accepted for publication in the Journal of the
Royal Teochnicel College, Glasgow,

The work carried out by the author, presented in Section
TI {1) of Parlt II was used in a paper published by the Institution
of Structural Zngineers upnder Jjoint avthorship with Lr. C. .
Molr (28)0
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Introduction.

The review presented in the following pages has been assembled
to indicate the broad lines followed by investigators rather than
to collate all contributions to the subject. The treatment of its
subject matter may be described as stating the line of investigat-
lon and quoting selected analyses as illustrations. As such it
maekes no ¢laim to comprehensiveness of detall but attempts =
classification of fundamental approach.

On the whole the lines of attack of column investigations fall
under the main headings -

Analyses based on stability.

Analyses based on Maximum Stress.

Experimental Investigations.

Empirical formulae based on experimental investigations.

Each of these sectlons can be further subdivided depending on
the actual method used in arriving at formulse offered as applicable
to built up columns. Some of these are "corrected" solid column
formulase, while others are based directly on an assumed behaviour i
of the bullt up form considered.

No line of attack is restricted to any particuler historical
period. Examples of all the four main lines of investigation can
be found 1n any period followlng the classic contribution of Euler
to column theory. In view of thls a certain amount of arbitrary
selection had to be exercised when choosing the analyses thought
"typical" of any one line.

The review concludes with a discussion contrasting and
summarising the significant features of theory, experiments and
practice.

{a) Analyses based on Stability.

Solid Column Development Applied directly to Latticed Struts,

Solid column formulee have been applied extensively to built up
columns, desplte the fact that integral action of the column as a
whole is but rarely obtained in practice.

Such &n approsach 1s;pyp1fied by the development originally
proposed by Dinnik ( 4 )* for a column whose Moment of Inertia varies
exponentially along its length.

The Moment of Inertia at any distance from a fixed origin is

glven as X »
Z, = =)
X JZ; (’C7 where
Iy Moment of Inertia at top of strut.

a Distance of top of strut from fixed origin.

Using various values of n, various shapes of columns may be
obtained. The assumption n = 2 for example can be taken to
represent the cese of a bullt up column consisting of four angles
connected by diagonals,

The critical load for any column of this type is given by

R=m “yz

where m = factor depending on n; I, and Ig
Ip= Moment of Inertia at bottom of column
L = Length of column

The form of E can be extended to cover the case of a strut
whose middle portion is prismatical amd whose end portions may be







of various shapes (as defined by n) by combining the relevant
differential equatlons of prismatical and varying section bars,

Solid column formuiae corrected for the effect of shear adapted
to latticed struts,

The Euler critical load of a solid ecolumn, Fe 1s diminished
in the ratio / = ¢ oving to the action of the
cAR/AG

shearing forces where g = shear deflection factor

é

( ?’_0 for circular,s_- for rectangular sectlons )

A = Cross Sectlional Area of Column
G = Modulus of Rigildity
T

imoshenko (19) applies this form to latticed and battened
struts of many panels. Considering the latticed bar shown in
Fig.l. it 1s scen that the angular displacement produced by the

shearing force Q@ 1is

T =7+ r) - —Lﬁda" = @ P @é
defining C/AG as 7@4"‘{‘»’# c's/ QA‘[

gives the critical load as

R = RI[17B( VhyEsmg as’s + 4oty )
This form is applied to single and double bracing with or

without horizontal members after appropriate Interpretation of
the quantities Aé and Ay

From the equatlon for P, it can be seen that, 1f Ap and ad
are very small in comparison with Ac the latticed strut becomes
conslderably weaker than a s0l1ld strut with the same value of EI.

It is relevant to remark here that experiments have shown
that where a column is definitely subjected to shear force the
effrct is marked. For ordinary cases however this is compensated
for by bracing stiffness, which introduces secondary bending
stresses of over-rlding Importance.

Formulae based on Structural Actions in Latticed Columns as
Distinct from Solid Columns.

The secondary bending stresses referred to in the previous
paragraph have been taken into account by Muller Breslau (13) in
a very complete analysis. The approach considers the deformstion
of the panels due to shear, the consequent bending moments at
the penel points and the deformatlon of the web bracing.

The results of the orlginal analysis are complicated and apply
only to long c¢olumns. The equations have however been simplified
by means of reduction coefficients and for short columns, they
are modified to suit Tetmajer's straight line. The expression
for the critical load is similar to the Euler expression except
that I i1s replaced by a function depending on areas and I's of
the component parts. —

¢ i T2EL

Thus @. = Lz g/ gf where

é}and ggare coefficients depending on the strength of the bracing
and the number and arrangement of the panels,

The main point brought out by the theory is that the effect
of the shearing force on the ultimate strength of well designea
columns is neglible,

The snalyses of Engesser, Prandtl, Kayser and others may be

-




regarded as less complete forma of the Muller Breslau analyses,

Treatment developed on the basis of an equivalent column with
a continuous elastic web.

A recent example of the utlilisatlion of the equlvalent webd
device was given by Pilppard (#/) in his anslysis of the critical
load of battened columns.

The analysls assumes that

(1) There is no relative movement between column shafts
and batten plates at thelr junction.

(11) The column as a whole reasches its critical load before
any component of 1t falls.

The theory is then worked out for an equivalent column whose
shafts are jolned by a continuous web which can apply flexural
restraint to the flanges but is incapable of transmitting stress
along the axis of the column.

Expressions for sdopes and relative deflectlions at the ends
of a web element are obtasined from simple beam theory anc the
differential equation for the case is obtalned from the Elastilc

Beam equation 2
EL 2V me
[o’zz 44

The characteristics of the equivalent column web are obtalned
In terms of the actual batten plate bracing, by assuming that the
slopes and displacements in the actual column at the attachments
of the batten plates are the same as at the corresponding points
in the equivalent column.

The critical load is given b

2 2/{7f+6 F f’*“ /Zf
o) =) ,2 *(24 Iel >
Iz
3 /*cosec'é //ﬂ/.r erer B e
where >.d or /¥ cot B % ’” /8 oot 2(’7-/)

Distance between centroids of column shafts.
Moment of Inertia of one column shaft.
Radius of Gyration corresponding to I
Length of column
Moment of Inertia of batten plate.
Euler.for one column shaft.

Zood

” Nomber § balten sloles,

It is shown that 1f the batten plates are spaced so as %o
touch each other P, tends to 2Q 1f n is large i.e. the batten
plates have no effevt,and E. tendsto Py for the column 1f "solig"
indicating full stiffening action by the bracing. For practicadl
use it 1s suggested that ,be in the Perry Roberison formula be
based on Py as given by the above expression.

W nnun

-

BDHEPEXHHRP

The foregoing - although - outwith the scope of the thesis
has been included as the onlx example known to the asuthor
utilising the device ‘ofthe "continuous" elastic web. It is
interesting from this point of view, as a somewhat similar
approximation is utilised In the analysis of Latticed Columns
presented in Seection III.

It is relevant to remark at this stage that an analysis of
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batten plate columns has been given by Timoshenko {19) buckling
belng assumed to take place due to shear only. This implles that
rotation of the batten plates - included in Pippard's Analysis -
are neglected., Timoshenko presents the analysis as a further
application of the solid column formula, "corrected" for shear,
while Karman and Blot (9) analyse the same problem using difference
equations for the slopes.

(b) Analyses based on Maximum Stress.

Solid Column Development Applied Directly to Latticed Columns.

The most satisfactory formula for the determination of the
strength of struts at the present time 1s based upon an analysis
of the initial curvature problem by Ayrton and Perry (l). The
approach is based on the inclusion of the effects of initial
curvature (€y) and eccentricity (€,) in the derivation of the elastic
line. This ylelds as the equation of the elastic line

€,
% = /_f./ # € Sec @/%
Use of the approxlmation of m% /’% = 75%,

allows the effects of € and €z to be combined as an equivalent
initial curvature of € = F 5} *el

Fbre

The maximum bending moment given by Py, ylelds the maximum,stress

- b =5 (A ACI+55)- 1o ecy? '}
AR #2) Py 18 O+ 5"~ 4
where P = Maximum Stress
Pr; = Yield stress of the material (o7 mov. alenaék sCress)
b, = Euler critical stressfor column.
c = Extreme fibre distance.
K = Relevant radius gyration.

The value to be taken for the equivalent curvature (3 , to obtein
consistency with test figures was determined by Robertson (12) on the
basis of extensive 1nvestigations. As a result the “"Perry-Robertson"
formula is now the basis of column design in this country. The

formala as used in¢}h British StandardPSpecification No.449 is
Ly *{ *’2& _./ v/

- /4"
with the eccentricity factor £~ = 0003b/k for solid columns.
The /ood 7céor - suggested for use on the basis of pe is 2,36,

It should be noted at this stage that the formula can equally
well be applied to struts other than seolid if the values of pe and 4
relevant to the particular type of column are known. The value of
the former can be determined theoretically -- such an anelysis is
put forward in Section IIT for latticed columns -- while the value
of the latter must of necessity be experimental, 4 value for
quoted recently by Pippard (11) for batten plate columns was =
ALY X7 4
Treatment developed on the basis of superposed bending action due
to lateral deflection.

The f'irst rational theory of thls type was developed by Krohn (13).
The reasoning 1s as follows;- For a given deflection in the plane
of the web, for a concentric column load P, the load on each flange -
originally P/2 - 1is altered by an amount (addative on the concave
slde and subtractive on the convex slide) which can be expressed in
terms of the deflection. This is referred to as the "Krohn Effect®.
Consequently the loads on the elementary columns between the panel
points of the bracing can be found. It is assumed that the strength




of these panel elements defines the strength of the column as a whole.

The treatment gilves the lateral deflection in terms of the
constants in Tetmajert!s straight line formula for solid columns -~
Interpreting these as stress values, ylelding

B=pd g,

where = Flange force
P = Column Load
A, = Flange Area |
A = Column Area

For "normal® column proportions Af = f A and K = % where
d = distance between centres of Gravity of the flanges. The flange
force reduces to

68d
P = P—_—
£ 1363 - L
thus in short columns § tends to P . The velidity limlt of Tetmajer's
straight line is L/K = 105 giving the velidity of Krohn's formula
as Py = 0.81F.

Krohn's formule was modified by Engesser, extended by Saliger and
put in a generalised form by Gerard and others. Brik (13) drew
attention to the fact that although Krohn's assumption ot K = d/2 1is
practically true for normal sections, if the distance between the
fianges 1s small the K value may differ considerably from d4/2.

Formulae based on the "Krohn Effect™ and incorporating Allowances
for Initial Irregularities,

A very exhaustive analysis is given by Salmon (13) for a nominslly
concentrically loaded latticed column, subject to various imperfections
and ouckling 1n the plane of latticing.

The treatment assumes, elastlc uniplansr bending with small
curvature and lateral deflections. The weight of the column itself
is neglected and the imperfections allowed for include lack of
homogenelty of the elastic propertles, eccentricity of loading due to
imperfections and a parabolic initial curvature.

The equation of the elastic line 1s given as

e/? Py
Tor (g + =3 . =
& x .1”_”_ (- 'oaM’

where the initial curvature,

'y =

yl = the deflection of the column

b = length of the panel element.

a = dilstance between €©G&of the flanges.

ny = ] where a3, a,, E] and
@ & Eo are the areas and Young's

e - o Moduli of the flanges respectively.
a2 &2

[
Solving the differentisl equation for y where V1= e,;ef(/.(gj

represéenting eccentricity of loading and a parabolic initial
curvature the maximum deflection is

&E
% = (Gt 555 )sec 5 - 5%

The maximum flange force under working conditions corresponding to
this is €, » £, y2)
Vo, d 7

The maximum fibre stress then becomes




b %_0 L 412 fo,&@///,«/af,(e;,«e,%

where the termswlthin the second bracket refer to the flange
element between panel poilnts considered as a column.

In the analysis shortening effects due to bending transmitted
by the lattice bars are neglected. This 1s justifiable from
a practical point of view particularly as the “upper" working
load 1imit is taken as 3L Pax

(¢) Experimental Investigations.

The section which follows presents in a summary form
significant features of selected experiments carried out by
various investigators. The differentiation, based on approach
which was readily available in the analytical section ceases to
function when revlewing experimental work. It is usually found
that there are definite groups of simlilar characteristies in all
exme rimental investigations of the same field. These character -
istics together with the particular aim of the experiment undertaken
have been used as a basis of classification in thils part of the
review.

Overall Column Behaviour.,

The common features of the following experimental
investigations are summarised in this sub-section.
Taibot and Moore (18); Howard and Buchanan (7); Reports of the
Steel Structures Research Committee of the A.S.C.E. (17); Holt (6).

The lack of Integral Action: All the analyses quoted in the
previous sections, assumed integral actlion about both or at least
one axis of the column. Anslyses such as Salmon's - one of the
latter types - assume lntegral action when buckling perpendicular
to the latticing and only consider lack of integrality if buckling
takes place in the plane ‘of latticing. All experimenters dealing
with latticed columns make special mention of the fact that
integral action 18 whelly lacking in columns with bolted or
rivetted connectlons. This lack of integral action was déduced.
from various experimental observations such as

(1) Considerable stress variation over the length of-the specimens
showing meximum stress values 1.4 to 1,5 times the average stress.
(2) Irreguler positioning: of the fibre of maximum stress,
sometimes occuring at the inside and other times at the outside

of the column legs.

(3) Considerable "local flexure"™ i.e. Action of components
inconsistent with overall action of the column.

Modes of Fgpilure of Test Columns: The mode of failure obtained

by the various eXperimenters appears to depend to a large extent
on the end conditions. The direction of the axis of the pin or

roller end bearing used has considerable influence,

In general 1t appears that failure will occur by local
buckling if the "local" slenderness ratio is greater than that for
the column as a whole. If however the column acts as a unit,
buckling takes place about the axis of least radius of gyration
subject to any end condition imposed. It 1s relevant to point
out here that experimenters seemed to classify any fallure which
was not a failure of the complebe column as "local" collapse.

This 1s ambiguous as i1t may mean buckling of the column panel
element or buckling of one of the column legs am a component part.

Eﬁlt’ in one of his tests noticed twisting of the angles of
the column legs which he ascribed to eccentricity of loading.
This effect could equally well have been a twisting action set up
due to relative deflections of the column legs as indicated in
the analyses of Section III.
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The Effect of the Bracing: One of the most typical features

of latticed column behaviour is the relative deflection of the
column legs resulting in a "barelling" or "waisting" action.

This action has been noted by many investigaters, Howard and
Buchanan giving the value of the ratio Lateral Expansion =il

Longitudinal Contraction 3,5
Their measurements are somewhat complicated by the use of
diaphragm plates (battens) which restrict lateral expansion very
congsiderably.

The "barelling® action i1s to some extent the effect of the
latticing. This has been pointed out by the A.S.C.E. Steel
Column Research Committee who state that when the legs shorten
rotation o e lacing bars "force" the column shafts apart. They
further indicate that the latticing has a stiffening effect under
eccentric loading, this more than counteracting the transverse
shear effect.

Many experiments have been made to determine the best types
of bracing but none have met with any great success. The
characteristic of all results in this field is thelr irregularity
and inconclusivhness.

Imperfections in Columns and their Estimation.

Eccentricity of Load -~ Actual and Equivalent: The considerabie
effect of a small eccentricity on the strength of a column has
been noted by all experimenters since Christie (13) but Ayrton
and Perrv (1) were the first to point out that assuming
imperfections to exist in a2ll columns a slight extra eccentricity
womld have littie effect. Consequently small errors in the
estimation of the load eccentricity are not important.

Actual eccentricity of load may be obtained either from
actual measurements or by calculation from test results. It has
become the general practice to express such probable load
eccentricity in terms of the length or of the slenderness ratio.
The "probable" load eccentricity has been derived by Smith (13)
using probability methods as 7/ &%of the total estimested eccentricity

and is given for example by Salmon (13)
Leng

as 1000

The 1926 report of the A.S.C.E. (17) states that the
eccentricities encountered never exceeded L/1500.

"Equivalent" load eccentricities have been introduced to
cater for non homogeneity of material (i.e. variation in Young's
Modulus E) and also to allow for rolling margins resulting in
differences of flange aresas.

The probable equivalent eccentricity due to the variation
of & obtained from experimental results is given by various
authorities as follows - |the assumptions being that E varies
uniformly across sach flange and that it is a constant
longitudinally)

Fidler_ .5, Neville (13) Salmon (13) =
Wwidth Width Width
36 36 40

For flenges with equal ar:as the figures quoted correspond
to an E variation of X 104. In view of the fact that the
A.S,C,E, Research Committee (17) observed a total variation of 2
23 % only, the quoted eccentricitles may be considered exaggerated.

.

The equivalent eccentricity corresponding to area variation
is given by Salmon (13) as Width for a rolling margin off2: %




The probeble eccentricity can be tsken as about 1/2 of that
i.e. width/160.

The totel probable load eccentrleity corresponding to the
factors quoted is the sum of the actual and equivalent values.
As an example values proposed by Salmon (13) are

€ = Length + Width + Vidth
1000 40 160
actual due to E due to flange
variat? arecdifference.

Initial Curvature - Actual and Equivalent: All experimenters
are agreed that a perfectly straight column does not exist,
Ayrton and Perry (1) propose that for solld columns the effect
of an initlal curvature is equlvalent to that of a locad
eccentricity of megnitude equal to the central deflection.

Robertson (12) after extensive investigations proposed a
combined eccentricity and initial curvature factor of 0.003 L/K
for solid columns. Pippard(1ll) suggests for use with batten
plate columns the factor of 0.0015 L/K.

Salmon's (13) suggested equivalent eccentrieity to allow for
initTal curvature is 0,0023 L/K or 7%6. This approximates to
the A,S,C.E.'s {(17) 1926 report which indicates that eccentricit-
les equivalent to inltiasl curvature encountered in the experiments
undertaken have never exceeded L .,

750

Reduction in Strength -~ The Effect of Past History of the
Material: MNanufacturlng processes affect considerably the charact-
eristics of the materlial. Baker (13) has shown that overstrain

iIn tension while increusing the yileld stress in tension reduces

it in compression and vice versa. ConsidereChristie and Lilly (13)
demonstrateéd the effect of cold wor n raising the yield point.
Howard (7) showed that the most suitable steels for columns

are ose rolled at the lowest temperatures,

Howard and Buchanan (7) in their tests on lattice columns
ascribe the non linearity of the column compression encountered
to the presence of small local permanent sets. These in turn
are explained as being due to manufacturing processes such as
cold straightening, punching, drifting, and rivet contraction,

The unanimous recommendation of all investigators is to
aldow for this reduction in strength by the use of reduced
working stresses.

{d) Empirical Formulae.

Stralght Line Formulae.

These forms are commonly used for strength predictlon
provided integral action obtains. The range of slenderness ratio
for which this type of equation is applicable is limited, but the
values of the constants c¢can be so chosen that in combination with
the Euler column formulae the full practical range may be covered.
As an example Holt (6) quoteg the form

Vi £ wh
= —_— e ere
2 %~ <%

So = crushing strength of the material. He proposes this
formula for use with built up columns made of aluminium alloy
when the column fails by sidewise bending.

o 9r1c/C
Varioa s values of the constants can be found in Ref, (6),




Parabolic Formurlae,

Rather popular forms, in wide use for representation of
experimental results, because of ltheir simplicity, are the
parabolle types. These are usually assoclated with either a
straight lire or the Euler variation to cover the full practical
range of slendsrness ratlos snd always have a steted Limit of
application,

For latticed celumns Voss (13) proposed the allowable stress as
2 A
p = 14,200 (1 ~ 0.0006 () ) &ln?
X _
for length up to 78 K. Above this value the Euler criticsl stress
with a factor of safety of 5 1s suggested. The value of the

consbants is based on the series of tests carried out at the
Watertown Arsenal (21},

Rankine - Gerdeh Type Formulsae.

The ocarliest form introducing the influence of the direct
compregsive stress in addition to the Euler effect and utlilising
emplrically debtermined constants is the Rankine - Gerden formila,
While originally developed for solid colunms it has been adapbed,
with 1%s constants based on the Watertown Arsenal Tests Re"ults,
to Lattlced braced columns,

GCooper (13) sugpests Lhe'critical sbress

c = 34000 ,
T T + - 1 (T =7667Z /‘%’72
12000 K
Schneilder (13) proposes the allowable workmng stress as

3 = 15000 4?/

ri —(L )& T tgoftt steels
I 4 15500 iz

r = 6 17000

i 1 4+ 1 (%)2 A/ "medium" steels

11,600

Hutt {8) modifies the form to include the effect of shear
force and suggests

)

w—— 2SR

A s LBOOG)

crushing stress of the meterial.
streds in the bracing tons/in®,
extroeme flbre distance,

o

W
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(e) Discussion.

Conbtrast of the Analylbical Developments.

The analyses presented in the review have all been based on
either, the 1dea of integral actlon or, on the conception of force
actions in latticed columns regarded as a structure. In both of
these cases it was always asgumed that the column will fail as
a whole, Failure of a3ay a panel elesment was elther specifically
excluded in the asswhptions or treated as en inclidental - not
a fundamental -~ mabter.

It is felt thal such an approach to the problem is overly
narrow. Any built up structure should be regarded as a connected
system, each component of that system being capable of individual
collapse, depending on lts uvliimate sirength relative to the




ultimate strength of the other components. Thus in the case of
built up columns a minimum of four strength criteria should be
considered simultaneously. These are:-

(1) The strength of the column as & vhole - assuming integral
action as in a solid ecolumn,

(11) The strength of one of the column legs as a whole - under
its portion of the load and subjected 4o the force actions
impeo ged by the bracing.

(111) The strength of a panel elewent - under 1ts end load and
momental end resiraint due to continuitby.

{1V) The strength of the lattice bars - under the loads imposed
on them g8 columns,

In an ideal case the four strength values would be ‘the same -
while in a practical case they will differ. 1In view of the above
any treatment based on only one or other of these criberia becomes
inappllcable, 1T the actual behaviour is controlled by the strength
of a component not regarded as critical in the analysis. TFrom
such a point of view the snalyses gquoted, appeear incomplete if
taken singly, and the treatment of a practical case would require
a synthesls of these,

Roclassificabion of the analyses on the basis of component
strength criteria indicates that -

(1) The overall column strengbn assuming integral action has
been exhaustively covered.

(11) The component strength of the column legs as a whole has
been evaluated for batten plate columms (Pippard)(dl) only.

(111) The sbrength of a panel element has besn obtained on the basis
of maximum stress consideration (Salmon) (13),
Analyses regarding the panel element as anslogous to a
hingsd end column from the point of view of stability over
simplify malbters by neglecting the momental restralnt due
to contimuity. The strength of the component is consequently
underestimated, :

(V) The ultimate strength of labtice bars as columns isg fully
analoguous to integral =0lid column action and as such has
boen sahisfactorily treated. The analysis of the actusl
force actions in the lattice bars as componentz of a built
up coiumn has largely been bypassed, The consequent

- uncertainty is manifested at the present time by the design
of over heavy web syatems,

General Feabures of the Experiments.

One of the most significant charascteristics of all experimental
work on built up eolumns is & demonatration of the lack of
integral action. This 1s manifested firstly by features such as
streas distributions inconsistent with "solid" column behavioum
and gsecondly by the variety of overall and "local" failures
obtained,

In this connection - keeping 1In mind the four strength criteria
enumerated in the previous section - it is seen that "local"
failure may mean failuvre of one of the column legs or failurw
of a panel element. Differentiation would be difficult particular-
ly if the experimenter is not looking for it specifically. Thus
1t 1s necesgary to asscciabe a cerbta n degree of ambiguity with.a
failure recorded as "local", ,




The experimental investigation of built up columns concerned
themselves mainly with load carrying capacity and strain
measurement, recording labteral defléction values at isolated
points only. Yo record of complete celumn dlstortlion data -
given in terms of lateral deflectiouns -~ has been found.

Experimenters who measured the distance between the column
legs during loading have reporied "barrelling' asctions. It I1s
fell that insufficient sttention has been given to. this featurs,
which should be accepted as a Tundamental characteristic of
bullt up column behaviour.

The effect of column imperfections have been exhaustively
investigated for s01id columns. It is significant to reallse
that the findings of these investipations can only be applied to
bullt up columng if the oversall column strength is the fallure
criteria. If however, one of the component strengths is the
critical feature, both the value and the effect of the particuvlar
imperfection will be different from the solid column case. A48
an 1llustration of the reasoning - initial curvature is
egquivalent to an eccentricibtw for the column as a whole, but
can amouunt to oblique loading for a panel element. bBurther,
eccentricity of loading for the colum as a whole means unegual
but concentric lcoads on the column legs. Therefore in the
Perry~Robertson formula the values of the imperfection coeffic-
ient and theat of the "ideal" critical stress py will depend
on the type of fallure asmumed.

Summary and Qutlline of the Research Programme.

It was brought out in the review thet there are two definite
gape in bulld up colum study namely -

(1) GComponent strength analysis and
(2) Experimental date on column dlstortion,

The work undertaken was directed towards filling theso gaps.
Kodel expsriments were carried out in vhich the la teral defle ctions
were reeprded at 18 poinbs along the length of each leg thus
giving complete distortion data. ‘The results of these are
presented in Section IT,

Using the results of these experiments as a qualitative gulde
a Tattlce Column Analysis based on the consideratlon of compouent
strengtbh was developed and is pubt forward in Section 1IIT.
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{a) Experimental Appliances;

The model of the 1attlcod columm 1s uhown in blg. 2a. The
relevant dimensions were as followsi-

Total height of column legs 36 ins.
. Panel Di stance : & ins,.
Column Leg spacing : 4 ins,

Each leg consisted bf two 1Y x I“.xi% " angles bolted
together back to back.
/ » -/”. -
The latitice members were » *& ' - flabs connected by meana of
single '/4//_"4/4, bolts to the 1egs.

The %testing machine was a 10 tons capacity Avery electro-
hydraulic press (Flig.2b), The smallest division dlrecbly readable
on the load vecording dial was O. 05 tons,

The modol was supported in the machins as shown in Figs. 2b
andl 3a by means of ball aund socket bearings at both ends.
Centering of the colwm could be baken as accurate to 0,01 in.

Deflections of the column legs were measured relative Lo a
rigid frame abtached to the lower platen supporting the specimen,
Thisz frame was fre¢ at the bLop and- it was provided at the top
with a dial gauge capable of recording sway o 0.0001 in. to check
for frame movement relative to the top platen. The column model
was laterally braced at ecach pancl polnt by means of bolts and
cleabs attached to the frame, preventing movement perpendicular
to the plane of the latticing (Fig.3b). The dontact polunbts of
the lateral brace® were greased to minimise Friction, thus
eneuring that the affect of the bracing ou the recorded deflections

- was negliglible . This was demonsitrated during the trial load
runs , when the screwing up and unscrewing of individual and groups
ol bracling bolts caused no messursble change in the observed

" deflections. .

Deflection measurements were taken at every 2 in, along the
length of the column for every 0.0 ton load increment by means

of diale reading to Q.0001 ia, A number of reloadings werae

necessary Lo obtain dsflectlons at all polnts, To check that the -
column repeatedly distorted in the same manner the deflection
measurements were .arranzed to overlap o that one set of deflection
measurements were always repsabed on sach successlve seriss of
loadings,

{b) Experimental Resulis.

The experimental readings obtained and presented in graphilcal
form in the dlscussion Pigs, 4 to 13 are as follows:~

Deflected form of column loads alt increasing loads

Relative deflection of column legs ’ :
Varlation of panel point deflections with load .
Variation of centre of panel deflesction with load ~ 1relative
te the ends of the column legs and relative to the adjacent
panel polints.

{Leg Deflection}
Distribution of d = Coiumn Load along
column legs

The graphs Ancorporated in the text are reproduced in a

.conveniently small size for ready reference,

1t should be noted that sows of the Wigures -~ Tbecsuse of the
unavoldable choice of widely different length and deflection
scales - are highly distorted lmages.




When the column model was tested to destructlon failure
occured in the second panel from the top of the right leg at a
load of 4.60 by sudden twlsting of one of the two angles forming
the leg.

(¢) Discussion of Experimental Results.

Deflected Form of Column Legs. -- Figs. 4 anc 5.

Conslidering the deflected form of the 1lndividual column legs it

1s apparent that each leg buckles as a whole with a simultaneous
manifestation of secondary buckling effects between the panel
points. The shape of the column legs buckling as a whole, as
indicated by the panel polints, appears to be a complete sine wave.
The shape taken up by the portions betwen the panel points appears
to vary according to the relative movements of adjacent penel points.
This is illustrated for example by the bené  form of portion

Cs D, of the left leg, the initial form of which may be taken as
one-hnalf of a sine wave, changing to three-~half sine weves as the
load is increased.

It appears, thercfore, that the portions between adjacent
pancl points behave as columns with an unknown degree of fixity
at the panel polnts and are subjected to end thrusts whose
eccentricity varies continuocusly depending on the relative
deflections of adjacent panel points,:

DEFLECTED FORM OF RIGHT LEG UNDER INCREASING LOAD N
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Relative Deflections of Column Legs., -- Flg,.6, This shows the
deflected form of legs A, F, and A, E, at a load of 4 tons
together with the deflected form of leg A, Fz relative to A, F,
The latter indicates the distortion of the latticing.

These graphs clearly indicate that the column does not behave
as a unit, the legs deflecting relative to each other. The
movements of the upper portion of the column amount to an expansion,
with a corresponding contraction in the lower regions. This
action is not a pure "barrelling® type since it is accompanied
by deflection of both column legs to the same side of the centre
line, the column tending to take up the configuration indicated
in the sketch at the bottom of Fig. 6.




Panel Point Deflection Against Column Load. Figs., 7, and 8.
Left Teg. Deflection of points B, C, & D, are characterised

by rapld increase in deflectlion during the initial stages of
loading up to about 1 ton then a definite stiffening action

and hence an apparent tendency to rapld decrease of the deflection
resulting in the case of D,, provided loading would have been
continued, in a deflection opposite to the initial deflection,

Deflections of points E, & E appear to show a roughly
uniform rate of increase with a definite stiffening action
towards the last stages of the losading.

Right Leg. Polnts A; ; By ; G ; E, ; show a gradually
decreasing rate of deflection with & stiffening up tendency
towards the latter stages of loading.

foint D, 1is similar in its behaviour to point Dy of the left
leg showing a tendency to deflect at an increasing rate during
the last stages of loading, in a direction opposite to the initial
deflection.

Summing up poilnts A, By C, E,of the right leg show characterist-
ics similar to points E, amd F, of the left leg while points B, C,
D, of the left leg appear to behave in a manner similar to that of
point D2 of the right leg.

Fio. 7
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Centre of Panel Deflection asgainst Column Load. Pigs. 9 and 10.
These curves have no great significance in themselves relative

to lattlced column behaviour since they show the combined effect

of panel point deflectlions and local bending between the panel
points and gilve,in most cases a deceptive idea of actual conditions.
‘they, however, do show the characteristics of the variations of the r
deflection of columns (a) where the ends have movement relative
to each other, (b) where in virtue of (a) the eccentricity of the
thrust 1s changing continuously, and (c¢) where the ends are
atforded varylng degrees of fixity.




Centre of Panel Deflections relative to line of Panel Points
ageinst Column Load. Figs. 11 and 12. JThe curves shown support
the view already obtained from the consideration of the deflected
forms of the legs that the portions between the panel points
buckle individually.

No direct connection appears to exist between these curves
and the curves of panel deflection.

Considering the left leg it is interesting to note that these
curves show to a certain extent regulasr veariation for points such
as point 14 lying on a portion whose initisl besé form is not
appreciaebly changed during loading.

Points such as 8 and 11 which are part of portions changing
their initial deflected form as loading progresses show the
irregularity which one would expect.

Similer observations apply to the points on the r&bbé'column leg.




Leg Deflectionz
Column Load J
The graphs shown give the rate of change of deflection of the panel
points with load, obteined by evaluating the ratio (change in

deflection) : (corresponding change in column load) for the
different load renges indicated.

along Column Legs. Fig. 13.

Distribution of 4 = {

It appears to be clesr that with the exception of point D, of
the left leg, the rete of increase of deflections for points of
the ripght leg is greater.

o TION OF THE RATE OF WITH LOAD.

LOAD RANGE 2 TO | TON, | Iﬂllﬂ&ﬂl“.,l‘blur‘ul

Fig9. /3

Considering column model behaviour in the verious load ranges
the follorlng observations are relevanti-

Load range O to 1 ton -- the right leg A, F, 1s the "active"
component -- indicated by its higher deflecgion rate -~ deflecting
due to load actimns and, by memns of the latticing, transmitting
a forcing action to the left Leg A, F, ., This amction the “passive"
left leg has followed in a reluctant manner as indicasted by its
lower deflection rate,

Load ranse 1 ton to 2 tons -- The restraining or "dragging"
action o: leg Ay F, in the upper portions appears to become
effective,as indicated by the decreased deflection rate of leg A,K
The lower portion of leg A, F, is, however still transmitting a
forcing action at Ep , increasing the deflection rate of leg A, E
in this region. .

Load renges &. tons to 4 tons and beyvond -- The same process
appears to continue, but a gradual inerease in thc deflection rate
at Dy showing a “running away" phenomenon 1indicates that this
leg has now tsken over the "active” part and is now trensmitting
a forelng action to leg A, E;.

The characteristics shown up by these curves indicate the fact
that one, or part of one, of the column legs plays the "active"
part and the other the “passive" part in building up the deflected
form of the column, It would also appear that a leg which is
"active” during & certain range of loading may become “passive"
during another range.

Column behaviour on this basis may be visualised as follows:-




The"active" leg is derlecting at a high rate -- due to
externsl causes -- and transmits a forcing action by the agency
of the bracing to the "passive" column leg which exerts a
retarding influence.

Dependlng on the elastic characteristics of the structure
as a whole, this reterdation may be successful in checklng the
"active" column leg in vhich csse equilibrium conditions will
be reached. It is concelveble, however, that the "passive" leg
due partly to weaknecs, to inltial irregularity and to the type
of bracing, at some points 1s not sble to counteract the active
influence, in which case local conditlions may reach & critical
stage culminating in local collapse.

{(d) Column Model Behaviour.

1. The column as a Unit. - The column does not buckle as a unit,
the column legs deflecting relative to esch other. 1In the model

tested the normal distance between the column legs increased between
certain points with a simultaneous degrease between other points,

2. The individusl column legs, - The deflected shapes of the
column legs are similar. In the model tested both column legs
buckled into apuvroximately one full sine wave.

3. The panel element. -~ Concurrently with the deformstion of
the column legs as & whole, there 1s a manifestation of
secondary buckling effects between asdjacent panel points,

The deformed shape of e part between adjacent panel points
of any one leg appears to vary sccording to the initial
irregularity of the part; according to the relative deflection
of adjacent panel points (inc!ucing continuous variation in the
eccentricity of the thrust); aad according to the degree of
fixity afforded at the end of the part considered by virtue of
continuity.
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Contrast of 1,2 and 3. - The force sctions governing the
deformation of a latticed structural member, as indicated by the
experiments, are shown in Fig, 14. This contrasts the force

actions on the column as a whole, on an incdividual column leg,

and on a column panel element. It is apparent thiat the loading
conditions are basically different in the three cases., Consequently



the conventionsl estimate for design purposes of the sirength
of the column and that of a column panel element for similer
loeding conditions is wholly unbenable,

All the experimental results point bto the fact that the
critical behaviour criterion is that given by the individual
column leg {Fig. J4b) subjected to axlial end lateral loads, the
latter depending on the relative deflection bebween the coluvmn
legs.

4, The Tattice System., The single lattice bracing a8 used in the
tegts served as an agency for transmitting foreing action of one
columm to the other and did not contribute to the load reslsting
action of the column as a whole, Thab is the foreces in the
lattice bars are dependent on the relative movement of lhe column
legs only.




SECTION IIT. - LATTICED COLUMN ANALYSIS AND APPLICATIONS.
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The review - presented in Section I -~ of publications on
latticed columns indicated that the ultinate column lozd based
on oversll "solld" column strength and. on panel element strength
hasa been exhaustively investigated,

No apalytical or experimental investlgation was found
however respecting the strangbh ond stability of the individual
column leg: of a latticed column. The loading on The columm legs
is their share of the axlal load combined with any lateral
foree actlons transmltited by the bracling. ’

The experimental worlk presented in Section 1I confirmed
the existence, and egtablished the dlstribution of, the rolatlve
lateral movement between the column logs.

These two featuvres -~ the laek of a satisfactory analysis of
colurn leg strength, together with the experimentally established
axistence of a- mode of behaviair not considered by previous
investigators defined the aims and seape of this section ass-

{1) The theoretical evaluation of the "ideal column® buckling
load for s lattliced column, based on the stabllily of the
individual column legs. Both eccentric and concentric loading
is considered buckling of the column legs assumed to take place
in the plane or perpendicular to the plane of the latticling.
{(21) Th@ axtension of the Perry—Robertuon formuila to latticed
struts "py,"' (the “ideal column® critical stress) being based in
general on the strength of the weskest column oomponont The
case, when the weakest column component is the column leg (pg
being given by the theoretical treabment presented) is
condidered in cdetail, and is tested against experimental results
on a wide range, : '

The Ffollowing notation is nsed throughoubi-

I = MNoment of Inertia of one of the column legs about

an axis perpendicular to the plane in which buckling
is considered.

Mement of Inertia af one lattiee har gboul an axis
In the plane of the latticing.

Modulug of Elasticity in tension and compression.
Total length of one column leg.

Distance hetween the column legs,

Distance between adjacent panel points.

Length of one lattice bar.

Blastic constant of the 19Lticing in the plane of
buckling. '

Angle of inclination of lattice barsg to the horizontal.
Arca of one column leg.

Area of one labtlce bar.

Critical or buckling lozd. 2

Buler Buckling Load for hinged ende WEI/I?
Daflection of column legs. :
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The followlng general assumptions are used throughout:-

(1) The colwnn legs sre initlally straight and
homogeneous and B is a constant throughout.

{2) The colwmn legs are hinged at the ends,

{3) The latticing is pinjointed in the plane of the

bracing, bol gives the effect of fixbure perpendicular
to the plane of bracing.
(4) Buekling is uniplsanar,




COLUMN LEG 1>

ECCENTRIC LOADING ON A
LATTICED COLUMN
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In considering latticed strut behaviour from the point
of view of stability, the general case of an eccentric load
on the column a8 & whole wlll be considered first since the
actions involved are comparatively simple to visualise. The
case of a concentric load can then be obtalned by simplification

of the equatlions,

(a) Elastic Stability under Eccentric Losding - Buckling
in the Plane of the Latticing.

An eccentric load P, say on the column becomes equivalent
to the loads P, end B, on the individual column legs as shown
in Flg. d;nQ1dering the case when P, > P, the deflectlons
Yo of Leg 2 will tend to be greater than that of Leg 1, when
the system is externally disturbed. Because of the difference
in deflectlons the lattice system will be distorted giving rise
to lateral forece actions proportional to the relative deflection
Yz - ¥y of the column legs. The lateral force actions for the
case shown will enhance the flexural effect in the case of Leg 1
opposing the same effect for Leg 2.

For purposes of analysls it has been considered approximately
correct to use instead of a serles of concentrated loads, a
distributed lateral load proportioned to the difference in
deflection or the column legs. This approximation is tantamount
to assuming the flanges connected by a continuous elastic
mediwm, the lateral .-force exerted by whicth, at any section, is
proportional to the relative deflectlion of the column l=gs at
that sectlon. turther this elastic medlum is assumed to be
incapeble of transmitting forces along the axis of the column.
Let the elastic constent of thils eguivalent web be/@ per unit
length per unit relative deflection.

The differential equatlon applicable to cases of columns
subject to axial thrust P and lateral loads of magnitude p
per unit length 1s =

% o?
A;;?-;;Esgé 'f;/‘,:;zsfg -I/"

Applylng this to the case of column leg 1. where the
lateral actlions enhance the flexurgl actions and column leg 2.
vhere the lateral actions oprose the flexural action, the follow-
ing equatlons are obtained--

[fﬂ ,u” —/3(}3'?) ot B e K
a’
D 5y ppen) 0D

The boundary conditions are

X=0 J; =‘}§ =0 o

&
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dﬂg‘ Oﬂf‘
x*< Y= 20 fii? e N -
sx! o

Using the Four’ier Sine transformation

Y (») /yﬂn 27X o/ -//‘(.x).vn "’-X,/_z




the equations reduce to (see Apvendix #°L)

(782" 122 a] 0w vf3 7 =0 @)
BYn) +[R f_zz;z’_;_rag_‘_/sjwy o ... AF)

Equations (3) and (4) willl only give solutlons other than

¥(r) = Yath) = 0 -
7 2= ?’ ffg-—;— /3 /8

that 1is ‘

(G2~ sr2fl’-8)( ”"-Ef”"" B =f (D

A hyperbolic relation betwnen P, and B, the buckliné loads of
Leg 1 and 2 respectively, for any given value of A4 -(the
equivalent web elasticity)- and /2 (the number of hslf waves the
column leg buckles into)

=0

The Fourfler Sine series corresponding to the functionylf“)
converges to the function

pvs
-.-/(.Z) = .g. 2 ) ”"V/y:/n L LA Y- 4

Four{ier Sine transformation

but / yﬂﬂ 0h.'a/x = -
Y(7) 1.c. = /‘(x) = 2 2 ron)sin 20

20
£ view) n 25

consequently Y7 = 22
2
L

4 o PUX
Y = &2 )5 (n)sin 222
7 L
For a given set of values of P, ; andﬁ equation (5)
will have at most one integral solution for /7 . Hence all the

Fourgier coefficients will be zero but for the one corresponding
to e integral value of~#,

Therefore
W = 2 yem)an 2
Y 22' Yo (n) Sv ’.?7_”_"..x
and 66/2‘2‘
2 _ XY=

2 2 (n)
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COLUMN LEGS DEFLECTING TO OPROSITE SIDES

EPOSSIBLE MODES OF BUCKLING,

Fig. /6.




From equations (3) and (4) 2
% ) B S e
Yo )g.(ry) (,0 22,7-2 a2 ,,4]4 /A) -8

In equation (5) the left hand side must be + ¥€ since the
right hand side is a square. Conseguently the two factors
forming the left hand side must both be .M or — ¥

If both are negative 1y-'is positive (ﬁ is always positive)
that is yy and 7 J2 are bo of the same sign and the column legs
deflect to the same silde,

(Fig 16A.)

M
If both are positive 5!13 negative that is yy 1is of opposite
dign to Yo and the column legs deflect to opposite sides (Fig.l6B)

Before representing graphically the buckling lozd variation
corresponding to these two cases, 1t is convenlient to rewrite
equation (5) in the following non dimensional form,

{0~ S X - )= (2
Sk as %
R/R as 3
the egqusation reduces to

(8 -ttt EPE b7 £) = (8)"..(&)

For any given value of n %?d,e equation (6) represents a hyperbolic

variation between %? and B as shown in Fig.(17)

Foo L7 0/b/=o$//e.

D =
%, A ?
This indicates two load levels With the exception of the cas

where both of these are possible the lower one only is relevant.
From equation (6) the lower value of the Buckling lLoad for the
column based on the stability of the legs at "full" eccentricity
(load applieq_in line with one of the legs) 1s obtained by

putting say /? = 0 ylelding
?é

— 2

O = 2 >
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Plotting /4 ageinst # from equation(6aly ylelds the family of
curves shown in ¥ig.l8. Tt is interesting to note that all _the
curves lie within the fleld defined by the gtraight line ég,—?a‘?
and 4 = /7% approsching the former at low valuos of w%ard the
latter at higher values of 72,

A glgniflcant point of Infleciion is situated at a value of
#7%=/5% glving a value of Z=/&5/% This implies that in columns
havinéj an equivalent web elasticity such that 2627g% =F»¥
thie buckling load is 1Z times the Huler value corresponding to the
partlcular buckled form,

Any eccentric load condition may be exopressed by the ineguality
of the column leg loads /4 and g (Fg. /_Q/

The botal load onj,column, A4in terms of the load on the left leg
i1s obtained log moments as O = 2 x&‘i;the load on thg right leg
being 42 = F¥ 4 where #<c-</, substitubing for £ = /.:"_:g_‘,é'
in equation (Ghreduces to <

gy C - = 28 |
B yls Bt g )+ 5 0 50) = 0

Considering the lower load level relevant to ecccentric losding
the followlng wvalues ol' the total buekling load are of interest

0 | a7 = £ |
_gf - chf?fq) [1125~) 7265 - 5crr-)

%4 Ze ;;,_ ) / /s -//u'es - €e(/-2y/

g-" w5/ 150 - )7 25~ Berr-f
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2% | ?‘???:C) /5”0 "/9-" ?Oc(/—cf)—:/

by, | 2

Fig.(19) shows the variation of the totrl Buckling load for
latticed columns, with cccentricity, for wvarious values of the
web elastlcity# . It can be seen that considerable variation
is shown particularly at low values of # where reductions up to
100% may take place-as the load shifts from concentricity to full
eccentricity.
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BUCKLING PERPENDICULAKR TO PLANE OF

LATTICING




{b) Eceentric Loading - PBuckllng perpeadicular
to . the plane of the latticlng,

Referring to Fig. 20 it is rouzdily apparent that the force
actions %o which the individual coluamn legs are subjected are
gimilar Lo thet in (2) with an additional distributed torque
by virtue of the latticing scting as a series of cantilevers,
Congequently the continuous elastle medium connecting the flanges
is assumed to exert latersl forces perpendleular to the plane
of the latticing smd proportional to the relative deflection
of the calumn legs in that directlion. In thisa particular cara
the deflected form of the column Jag would be s space gurve.

Agsuming the projections of the deflections of Leg 1. on two
perpendicular planes to be ¥’/ and %7 respectively (plane)’
being the plane in whiéh the lateral loads act; the magnitude
of the torcgue at any section is T = constant }c/£¢{(}@’-&99
while the bending moment in {plene)’ due to torque would be
M)= constant x B«(w ~%) x slope of leg in (plane): But the
slope on (plane)’ie proportionsl to the deflectiogABZF%z ﬂ}"

¥ rfer Ry 1.
/éf /@9 j(.my)‘ ‘M:_ = gonstant x -/34’ (%)'3;)/.%”

Comperlng this expression with the bending moments due to
elastic lateral load My = Comsturntx/F(-3ylknd end thrust

= Comstand x Byt respectively in' (plane) it is seen that M-
is neglliglble as of the second order. Therefore the load system
reduces to one identical with the case of buckling in the plane
of the lattleing,yielding the same form for the eritical loads
and interpretation as in the former case, viz: :

e ey ey

A? being the equivalent web constant in a plane perpendicular
te the plane of the latticlng.

(c} Goncentrié Loading.

The mode of dlstortion given in Subseection (a) will hold

for the concertric case also bub i’;will new become equal to E .

—

e B =2 equabion (6) becomes _
Z -7 -/-g).._-_ =

If the columwn legs deflect Lo the seme side the factors of
equation (6) are of negative sign hence @

/?_”2 or ea./p?,?.....

The column legs behave therefore as 1f thers welild be no
latticing and the total load on the column is determined by the
Euler buckling load of the indlvidual legs., This load corresponds
to the lower velue shown 1n Flg., 1%. It should be noted however
that each panel point is a potential point of contraflexure and
thierefore # { the number of half waves) may be grester than one.

LIf the colum legs deflect the opposite sides the factors of
equation (8) are of positive sign hence

S e P 0 B — 20 .. o BBEE
2= "‘?fe or B= iR 2L

3







The column behaviour is now characterised by "barelling"
or "waisting" action, the legs are elssticaslly supported
and the critlcal load is given by the higher load velue of
Fig., 17.

In this case the minimum value of '?obtains when

-

ZE e an-28 Lo n*=2d

arn 73 i
giving /? = ?/7? o l?'”’"f

That 1is in columns having an equivalent web elesticlity such
thet AFZ/R% = 7%/Z the buckling losd of the column leg is
twice the Euler value corresponding to the particular buckled
form. _ The variation of the higher buckling load velue with 2%
and /3 is shown In PFig.21.

As indicated by the experiments quoted in Section I = the
Review - of the paper and also by the model experiments carried
out, this latter mode of buckling appears to be charscteristic
of latticed bar forms. In what follows a method of asssessing
the elastic constant of the equivalent continuous web used in
the theoretical investigation,is put forward,for the case of
column buckling,with the column legs deflecting to opposite
sides.

(d) Celculation of the Equivelent Web
Constant - Concentric Loading.

Applylng the laterally loaded column eguations to describe
the concditions existing in column legs 1 and 2 under concentric
loading the following simultaneous equations are obtained:

2,
Leg I. EZ% #P’;-’f -,e(y,-,;) =0 ......

s 5 6 L 1 8 i) =0
X2
adding, these reduce to 'd?’y “y) 2.~
I ary) v 2 =0; 0=
=t "7

&7

and subtracting It
SN, 2 ) 2 .
g —,'é"r‘ “2viCyary)ros VL
The general solutions of the reduced equations are a
Yyt mAdr ErCCOSUX FOSINUX . v v 0t NS

Yy -3p = ECOTENX 4 Ptk ),X 4 G o3 g Xt K3t A (2)
er ?/\;?g /V“-jya —U‘ ore ?A'? -W‘ ‘/2

Considering barelling or waisting action ¥ =— Yp '..V;%#)i
becomes zero and Yo~y a 2y

that 1s from . Py = ECosh ), X+ Fivsh A X+ Goos Ag X HohArX
Us ing ,boundery conditions o,ly
X2 JY=O ... (1) K= O i 5 =0 s W

ral ppmd wor ) Hwmi i g,o“,,.(;y

and assuming a deflection 2¥22@ct the centre vhen the system

1s disturbed there laterally, that 1s o xg? > 2p=Ge..(v)
gives

£=G=O from (1) ore (4)
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For this to be satisfied for any velue of "e" mpAgd =0 ~ €
A'zl'”;,"substituting this value in ~ and # gives g 20 A =@

; X
that 1s 2Y = Ya~y) = 2es» 2{_&_

or ¥ = e:/b.'Z."_x-..............@

Value of the egquivalent web elasticity ﬁ in the plane of the
latticin‘QQ

Due to relative deflection of the column legs laterally
(barelling or weisting) and shortening of the legs due to bending,
the ends of any latticed bar A.B. move to the positions A’ B’
as indicated in Fig.22.

Chenge in length of A.B. =/ (%) #('J’:,,),»/oo.ré #(dy~dy )58

Shortening of a column leg due to bend ing,Jis the difference
between the arc length and the chord length. That 1s

Say d{.? =4;,6%(o'3-a’x)o’.r= ‘4,: (;—_V? g/-l’
X
or since Vg = €57 FX
22 2 pdx
do = L0 % e? cos? 2 ox y »
Hence change in length of A.B. (sug%titutingyfor ys Wd.f) =
L id S e 2,228 o2 1.

= ec::sﬂ/ S _‘__2)4 K75 l‘_/,s;», 9/-2\:9‘ e 7 CoS -‘J' X -

L7 cos’ 2l E ot ]
The terms forming the coefficlient of s/»# d-pend on the
(deflection)? and as such are second order quantities in comparison
with the cosine terms and can be neglected.

Therefore change in length of A.B. = ewaﬁh”_’%"f)f&h%&f/

Assuming that the lattice bar is elastic and Hooke's law holds
the chenge in length = v @/of where W is the force in the
lattice bar,

A4 . RIX X
hence ;—2,— = ecosa/.;m __z_ﬁ),t K7 T/

Expressing the horizontal component of this force as HeoSE
and noting that Ps O/CoS6

Heos = Z£ ¢ cos’s [on 2T FE son 27X ]
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Thence the total lateral force transmitted by the latticing
for half the length of the column leg becomes

L=
;E',aygaséaun‘;r ¢<325%9'ZE (57 ﬁﬁﬂﬁfﬂe)f-JWo-—-Jz
A=

The lateral force exerted per unit column length by the
equivalent web of elasticity & = ﬂ(”-”)dx = 34';,,', %{xdx

that i;@the total lateral force for a half column leg length
n 28X
28 esm AP
For equivalence the values given By the actual lattieéing
ancé the continu us elastic web must be equal, hence

ef o coS’é z (o 2T o 2EX) - [ ﬁ?ﬁe:m 2%y
o

o s ’eff(-’”—f—ﬁmaz—% ] Pom e (@)

Equation(1l2)gives the value of /3 for eny particular lattice
arrangement, If the value of @ corresponding to minimum
buckling load conditions is substituted the equztion can be
furéher. simplified.

p
That is if 2,3”7‘ or TR = ’}—}g (N/.’g;— c‘o/.?!)

Covatror (/?)o’mmed'
- Couatre ‘ %

- V2
T ‘@

Equation (13) can be solved by any method of successive
approximation for single or double bracing in any given case,
yielding a value for # (the number of half waves the leg tends
to buckle into). The corresponding column buckling load then
becomes

o = ?P = ?(n’+ ?,é,) or P=42%2 ..

It should be noted that the equivalent web ¢column theory was
developed on the assumption that /2 is an integer. Hence 1if the
value of # obtained from (13) is not an integral value, equation(l4)
gives two loads within which the actual buckling load will lie,
These will be the values corresponding to the nearest lower and
higher integers within which /7 lies.

Velue of the equivalent web elasticity'A?perpendicular to the plane
of the lattleing.

Using exactly similar reasoning and noting thet the lattice
bars act as a series of cantilevers of mement of Inertia I, the
lateral load exerted by any lattice bar

44 =

&
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alac the tobal laterai_%;?d for half the column leg length
becomes 72

FEL o 5 o TM('?" o ’.’_’rgj

- # Xeo
or in terms of the equivalent web . %% 7

. ” x
The ecul‘\ralenbe co dition thkén ls
o
"3“7‘ co.f"& 2' s M;J}, »wx) ?ﬁf.»b Ve o"
Substituting as beiox;?e ?ﬁ = 7% or ‘?ﬁ /?‘a??/é'
ves

d é;égg Cb:%9 é- (svh f&ZﬁEZEQ v*dﬁ5‘°#f?:=/75/ﬂJ%o‘oJu%/
and the corr@sponaing bu.ckllng load &5 before -

o= 528 i

(e) Summary.

Lebticed columns may feil in a pumber of ways depending on
the relative strength of the column as an Integral whole, of the
column leg component and of the panel elements, The most
gatisfactory formmla developed to date 1s the Perry Robertson
formula which forms the basls of design in Great Britain. Thils
ig of the form

o m LT ] o)

vhere

Pe = critical stress of column
by = yield stress of material
p, = Relevant "ideal" column buckllng stress.

Beeentricity factor.

The value of "pg' — the theoretical stresas to produce neutral

elastic stability may be glven by

(1) The oversll column strength -

I the column is of such a construction thal integral action
obtains, the coluun would be treated as "solid" being the
Fuler stress corresponding to the end conditions, All experimental
investigations indicate that this is unlikely.

(11) The Column Leg component strengbh.

The buckling lead of a latficed column based on the leg component
strength may be obtalned ~ ar indicated in the foregoing theory =
from the hyperbollc buckling load relation. Its value is affected
considerably In the concentric case by the distorted form undér
load varying from the Euler load »%4Z per leg (if the leg
defiections sre to . the same side) Lo the critiecal load of an
"elastlcally supported columnoggffgggper leg (if the leg deflections

(9

are such asg to induce barelillng or waisting).

Tn the eccentrically loaded case only one mode of buckllng
is precticable (provided the column legs are not preset in any way)
corresponding to the legs deflecting to the same side. The
buckling load ls considerably affeched by the equivalent
elastleity of the bracing and the eccentricity, and 1s given by

: 7
O P Zeisk
R % GELe 3R
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The value of the web clasticity can be caleulated corresponding
to any glven lattice system from equations (12) ana (15).

{111) The Panel Element Strength.

The column elements between panel points may serve ag the
basls of estimating pe,1f on comparison with the ovorall and
leg component strengths their critical siress appears to be
the lowest. In the absence of more sabisfactory analyses
respecting the effect ofi the Buckling Strength of oblique
eccentricity of loading, the Buler "eolid" column formulae may
be used to evalnate this critical sbtress.
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(a) Analyses of Collected Experimental Result s.

Method of Caleulation of Theoretical ¥Failure Stress,

As has been pointed out in the Summary of Section III (1)
the number of ways any column may fail corresponds to the
number of 1ts components. The critical strength of the
column will always be defined by the strength of its weakest
component,

Consequently p, the "ideal column" critical stress is the
smallest of (1) the overall column strength (integral action)
(11) the column leg strength and (111) the panel element
strength. If the panel element itself consists of two or more
components the analysls 1s to include the examination of the
strengths ef these also. This 1s the case with the model tests
gquoted - this will be dilscussed 1n greater detaill further on.

Glven the particulars of any column, the analysis is as
follows ;-

The overall column strength - Assuming integral action - is
obtained from

/O /u/ (é/ ) the Euler

colum formuls, where
/KW Constant defining end conditions.
) Young' s Modulus.
sat Slenderness ratlo as a whole on the full
length.

wn

The Column Leg Component Strength - Assuming lack of
integral action - 1s obtained from

L2 TE
/4 ”(qk) - from

Equation (14) of Section III (1) where

éaé = Slenderness ratio for column leg section
on the full length,

n 1is the number of half waves the column legs tend to buckle
into and is glven by ‘

o

[2!“_,-'9 £é(.v TR s o 2%%) = n* st 27 o

¢/}9 =0 (-]

from Equation (13) of Seetion III (1) or
.ﬁé‘!;t4; JEELjiEV '7’?mh§é)vbdnﬂ?’7lf9) - ,7.///:5v7491536/
J"@: =0

from Equation (16) of Section III (1) depending whether

buckling takes place In the plane of perpendiculer to the plene
of the latticing.,
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The Panel Element strength is obbtained from

/be = (éé% the Euler column formula

for hinged end$where

4&6 = Blenderness ratio of column leg
section on panel length.

This form is approximate in that it neglects the effects of both
continuity and eccentricity on the panel element, It would
appear howsver that in the majority of cases it revpresents

a safe underestlmate of strength. If the panel element itsell
may lack integral actlon the strength of 1ts components is to

be computed by the relevant formula.

The actual failure stress is calculabed by the Porry-
Robertson formula.

o = Bl [

This introduces the limitation of the yleld stress of the
materlal and an allowance for imperfections by wmeans of the
coefficient 2 . The "ideal column" critical stress/qb is the
stress determined as outlined above. :

The value of the. imperfectiion coefficiaﬁt?iﬁ telrem as
0.0015 L | ,
K

Further, when component strength is the critical factor,
the slenderness ratio to be used in conjunctlon with £ is taken
as %e, I, being the overall length of column and

fé=44/,—;f

P; and K, are critical load and radius of gyration of the
componean considered and P is ‘the column strength calculated
on the bagis of the particular component strength, This method
of imperfectlon asgsssment is due Lo Pippard (11) .

Appendix (A%2) gives & sample caleulabion in debail,

Table I - Descrivtion of Test $pecimens. The table presents

" the panticulars of & built up columms tested to destruction.
Thedge include tests carried out by Talbot and Moore on stesl
and wrovght iron columms, tests by Holé on Aluminium Alloy and
gteel columns and the Model tesbts ontsteel column: reported in
Sectlon ITI. o @ '

The teot speclmens represent a variation of overall length
from 21 -~ 0% to 31 - o".and in slendernesa ratic of colum leg
component from 593 to 27,

The type of sections included are (/) fully built up from
angles and plates and (77) are chaunel sectlons laced tLogether,

The type of latbicing introduces singls; stagpered single
and dawvble lacing.

The values given in the Table are the quantities which have
been used in.drewlng up Table 2,

Table 2 ~ Compsrison of Expérimental end Calculated Values, in
general good agrecment is indicated between The calculated and
experimental resulits,

It may be noted that the calculated stress values are given
in the form of a stregs range. This resulbs from the fact that
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n" the number of half waves wag assumed to be an inbteger in i
the theory, Counseguently 1f Bquation (13) or (16} of Section III
(I) gives a non integral value of n the actual Ffallure stress will
be between the stressas corrssponding to the nearest lower and
higher integral values of n.

In the case of columns No.6 and No.7 the end conditions
during the test wero somewhat indeterminate, and.it is possible
that some degree of fixity obtalned, The caleculated values
are based on the asgumption of hinged ends, .

The type of fallure for coluwmns No. 2 to 5 was inconclusive,

To quote from Talbot and Moore: ¥ For all the tests of the
wrought iron bridge posta -- the fallures were very gradual,
Tinal failure occurred near tine middle or at the end, In the
former case, high stresses in one channel had been shown, --- ab

working 1oads This implies some irregularity of construction
or local weakness, primarily rsependlble for the bowing
perpendicular to the plene of the latticing, as calculatlons
indicate failure to take place by buckling in the plane of

the latticing.

During the tests of the 3 ft., steel ecolumn model the
distorted form of the legs lndicated that bowing of the column
legs was taking place, The immediate cause of failure however
wae the buckling of one of the angles forming the right colwum
~leg, due fo toksional instability. This is in agreemant with
the analysis, indicabting the torsional buckling strength of a
gingle angle of a panel element as bthe wealkest component
strength of the columu.

(b) Suwmary.

From the foregolng theory and eXperiment the following
conclusionsg are put forward;-

(1} The strength of the column as & whole is defined by the
strength of the weakest component,

(11) The Perry Robertson formule is applicable to built up
columns provided the value of "pe" 1s taken as the critical
stress of the weskest component.

{111) The analysis put Forward in Section (III)} (1} for the
Getermination of the column leg strengbh appears Lo give results
in good agrezment with the-expe”iments.

{lv) The values of the factor Eow1ng Por imperfections
appears o .be reasonable at 0.0015% ; altlioigh is is felt that
Turther investigsation of this is necessary. This factor will
in all probability ve different deperding on which is the
controlling component.

(v} The method given by - Plppard of deternunln& Ke the
equivalent radius of gyration for the column as a whole in
cases whnen component. strength is the limiting factor appears
to give resulbs in good agreement with the experiments,
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Thin walled columns may fail in a variety of ways. The
column as a whole may collapse duc to flexural or torsional
instability; or some of 1ts plate components may buckle,
culminating in complebte failure of the column. Theories and
formulae abound - all with verying degrees of experimental
substantiation. The survey presented in this section summarises
the main features of the theories in use at present.

{a) Overall Column Stabllity under Concentric
End Load.

The axial stress causing flexural instability for a long
column is given by the classic Euler (19) theory and may be.
stated as

/bc - @@%2

= |
Constant depending on end conditions (4 for

where Ky =
hinged ends).
E = Young's Modulus for the materisl.
r = Radius of Gyration of the cross section.
L = Length of Column.

The critical stress p, plotted against the slenderness
ratio L/r gives the well known Euler curve shown in Fig. 23,

The axlial stress causing torsionsl instabllity is given
by Lundquist and Fligg (30) as

/ 2
/‘27 -l-;g‘(?;;flf'j§% AF;;)

where I_ = Polar Mement of Inertla of the Cross Section
P about the axis of rotation.
@7 = Torsional rigidity of section.
L = Effective length of column,.
€ = The torsion - bending constant dependent on the

location of the axis of rotation and the dimensions
of the section.

The evaluation of C may be of some complexity depending on He
section considered.

Thomas (32) using the strain energy method obtains for angle
sections

& Jr? —_3 _1:_ 2
/% é?:?’ Z *2(/,@,{‘:@'/

where é = Constant depending on end conditions, values as
follows:-

Forrtrin ) = Asten ) | Beb |
Lower £ng |oretn, | fAxtion Fixed| . / ke o,;z’%zs .';4"4}

Cpper bnd | 7o . |Bsbern fkew| b,

¢ £ z 4/ 8
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Polsson!s Ratio
Lengzth

Radius of Gyration
Width of leg of angle
Thickness of angle

as before.

I n

c
L
3 co
b
t
E

(b) Plate Component Stability Under
Lengthwise Compression.

The stress corresponding to flexural instability for a
plate with simply supported edges was first obtained by Bryan (24),

Timoshenko (19) gives the general form applicable to
plates simply supported along edges perpendicular to the line
of compression, with various edge conditions along the edges
parallel to the line of compression as

where Ko, = Constant depending on edge conditions
parallel to the line of compression.
b = Width of plate.
t = Thickness of plate.
E and & as before,
e
The graph of p_ plotted on the basis of¥Yb/t dimension ratio

is of the general ®form shown in rig. 24.

The influence of the edge conditions is represented by
variocas values oi K, depending on the overall dimensions and
edge condlitions of %he plate consicdered. Pigs. 25 and 26 give
the variation of K, for fixed and free and simply supported and
free edges respect?vely. These are the cases relevant to the
matter treated in the peper,and the fipures give 1n addition to
Ko, n the number of half waves the plate buckles into,

It 1s necessary at this stage to differentiate between the
critical load causing buckling, and the ultimste load & plate
may be capasble of supporting. It has been demonstrated that
in some cases thin plestes supported along both edges can carry,
without failure, a2 load many times larger than the critlcal lozad
at which buckling begins. The plate buckling form,which glves
the stress causing buckling becomes inapplicable in these cases,
as 1t 1is based on the assumption of smsll plate deflections.

An exact mathematical treatment of plates in compression
on the basis of large deflections 1s extremely complex. Attempts
at a solution have failed to give results of practical
applicability. To overcome this ¢ifficulty v. Karman (27)
suggested the assumrt ion that the middle strip of the buckled
plate supported along the edges be disregarded from the point
of view of load carrying capacity. The total losd is sssumed
to be taken by two strips next to the edge supiortsacross which
the stress 1is regarded as upniform.

The eguivslent width b, of these strips for plates simply
suprorted along both edges is glven by Winter (34) correlating
the experimentel results of Sechler and others gs

4, = /w,/; [7-057¢ (Zf-///_;é_ /
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The ultimate load is given by

P =pbt
on P= /W'/é_zr_//_ 0374(2-‘:)/%_/

where Py = yiold stress
E, t and b as before

Attempts have been made to extend the semli empirical
approach of the "effective width" method to plates supported
along one edge only. Winter (34) gives the effective width
in such a case as

4 = 08¢ f (7- o-zvz{z‘i)/_é.)
valid to about .E‘—/- = )78 /b
iI%

He suggests the use of the following semi empirical
buckling stress form for b/t ratios ranging from 12 to 30

fe = pr - LB (L -r0)

where pe = critical stress, b, os Before.

For b/t ratios above 30 he proposes to use the elastic
plate buckling formula as given by equation /& &b Ap= O#/

(e} Ontimum Conditionc - Eoual Overall
and Component Strength.

From the point of view of structural efficiency a section
is said to possess maximum strength if it 1s designed for the
maximum load to weight ratio. That such maximum strength
corresponds to equal overall and component strength in the case
of thin walled columns c&n be shown by the following simple
qualitative reasoning.

Failure in a simple structiural section - such as a channel -
may take place in a variety of ways. The column may fail by
‘integral action as a whole or it may fail due to failure of the
flange or of the web.

Considering for example the case when the strengtﬁ*of the
weaker of the plate components - the flange - and the strength‘
of the column as a whole are the criteria of the failure, the
behaviour over the whole range of the L/r and b/t ratlos is
shown by Fige. 27 and 28 for amy selected thickness t. These
are obtained by superposing Figs, 23 and 24 the basis of plotting
being the L/r and b/t ratios in turn.

Considering Fig. 27 1f the slenderness ratlio lies between
0 and A the channel will fall due to failire of the flange as a
plate, at a stress less than thsat represented by AB. If the
slenderness ratio lies between A and C the channel will fail as
a column, again at a stress less than that represented by AB.
Conseqguently, only if the slenderness ratioc 1s at A, that is
flange and column failure occur simultaneously, will the maximum
possible stress AB be reached.

The same reasoning applies to Pig. 2¢ also,the only difference
being that OA is now the ranze of the column failure,AC being
the range of the plate failure.

“exora/



The position of the ordinate AB 1s defined by the equality
of the integral column strength and the plate component strength.
Using the forms relevant to flexural instability, quoted in
subsections (a) and (b), give

4//”[‘?"@-;—(

(%) - Zé /2

o bafEfL ...

(/-6

This yields a linesr relationship between the slenderness ‘
ratio and the relevant plate dimension ratio for egual overall \
and component strength.

Relations of this type (not necessarily linear) can be
obtalned by equating the strengths corresponding to all the
possible modes of fallure. Such relations combined with a
dimensional c¢ondition for minimum weight allows the development
of deslgn criteris to glve structuresof Maximum Strength and
of Minimum Weight,

Cox and Smith (26) show that the minimum weight corresponding
to maximum possible strength under a given set of conditions
deprnds (1) on the characteristics of the materisls of
conztruction; (11) on the "structure loading coefficient" é%?’
vhere £ is the typical load and ¢ the typical linesr dimension
and (111) on the factors of safety provided against failure in
the several possible modes of failure. With reference to struts
it 1s shown thet the weight per unit length %ts a decreasing
function of the structure loading coefficient and in generat
it 1s proportionsl to

gé_-m(_?/’_?_/m—/

where P = Density of latekrial
£ = Young's Modulus
/) = Numerical coefficient.
Ap2 = Structure loading coefficient.

The forms gilving the critical stress quoted in this brief
summery are based - with the exception of Wintert's semi empirical
form-on:.the assumption of elastic behaviour and are valid therefore
only within certain limits of the characteristic dimension retios
L/r ané b/t. The introduction of the effect of material failure,
through the inclusion of the yield stress in the relevant formulse,
may be effected by usin”Perry-Robertson column form. As indicated
in the Latticecd Column part of the thesis, the Perry-Robertson
formula is of general validity provided tha¥™" Ideal column "
critical stress p, corresponds to the mode of failure of the
structural element consldered.
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(2) DBxperimental Appllances, -

The results presented were obtained from tests carriead
out on pressed plain channel sectlons, having a constant outside
web dimeusion of 3", Sets of 8 to 10 epecimegns for eﬂfh thickness,

with nominzl flange dimensions varying from~1 in, to iny, were i
tested to destruction. The nominal thickneg%es'inVGS“igated :
wsre 12, 14, 16, 17, 18, 1% and 20 gauge.

Testing Machilne with hemisvherical end platyens transmitiing
the load to the specimen, through bearing plates wlth hemispherical :
cups, producing hinged end condltlons, - Fig. 29a. The end
bearing plates of the apecimens were adjuatable - Fig, 29b. te
onsure that the load was applied at the centre of gravity of the
section, Positioning could be talken a8 accurate to within L ¢4
of' an 1nech, ' ' : o

The specimens were compressed in a 10 t?n'ﬁvery Universal |

The load was applied at a unlform rate of approximately £7'2
Ton per minute, TFailure occurred sither by bucklling of the =
column ag a vhole Fig.30a. or by crinkling of the [lange plates -
Pig.30b. The buckling load was taken sgs The maxivum load
recorded on the automatic load recordling dlal of the muachine.

The critical stress was then obtained by dividing this load by
the secltional area, No readings other than the maximam load
were taken.

(b} Bxaperimental Resulls,

The results collected were bthe mode of failure and the
value of the buckling load of some 70 Ttést  spetimbéns,

Two typical modes of failure were encountered, The first
(Fig.30a) - termsd "column® fallure - tock the form of a sudden
bowing of the specimen wlth practically instanbaneous collapse.
The secomnd type {Fig.30b) - ta@rmed flange or "plate component®
failvre was characterlsed by rapié developmenl of crinkling or
waving in the flange, the web remaining perfeetly plane and
straight. The waving was demonstrated to be elastic,as on
removeld of the losd 1t déssppeaced, the Flange resuming its
previous straightness, Collapse cccurrced dus to sudden excesgive
development of the waving at one peal point Iln each flange
symmetrically opposite each other, all other waves completeély
disappearing. In the majorlity of cases the wave peak in one
of the flanges suddenly gave way wilth a consequent twist of the
wihole c¢column, ‘'the flunal appearance of the falled specimen was
as shown in the last ohotograph of Fig. &0b.

The load corresponding to- the full development of the elastic
waving and the collapse load differed at the maximum by about
i% only. In view of thls end also beceuse of its more explicit
nature the collapse’ load was recorded as the expe rimenltal failure
losd.

Table 3 shows a typicsl set of experilmental rosulis (overleaf).

The experimental failure stress values sre plotted in Figs. 31
and 32, againsi the slenderness ratio L/r and the plate dimension
ratio b/t in turn. These figures are incorporated in the
Piscussion sectlon which follows, for convenient reference.
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(¢) Anelysis and Discussion of Results.,

The following materiael characteristics sre used in
the caleculations - based on the results of the tensile tests
recorded in Appendix No. 3.

11000 tons / in®

Young'!s Modulus E
14 tons / inZ

Yield Stress P,

In computing the theoretical elastic bueckling stress of
the plate components the edges perpendicular to the line of
compression were assumed to be simply supported in every case.

Variation of the Experimental Faillure Stress with the
Characteristic Dimension Retios - Figs. 31 and 32, - The
general dlstribution of the points and the type of curves
obtalned show good correspondence with the theoretically
predicted form, 5

When considering scatter it should be noted thet (1) points
in the shaded zones of the Figures should fall on a single curve
lrrespective of the plate thickness of the specimens tested
but (ii1) points to the left of the shaded zones map out a
fileld consisting of a series of curves one for e:ch plate
thickness., Thus consideration of scatter is relevant to these
shaded zones but 1= meaningless when applied to points to the
left of these zones.
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The scetter shown by the results corresponding to column .
failure ~ Fig. 31 is considerably greeter,than that indicated
by the results when the flange failed as a plete component - Fig,
32. As 8ll the test speclimens were manufactured as a batch,
were tested with the same equipment and by the same operator,
it is reasonable to assume that the type and order of irregularit-
ies were similar for all the specimens. It would therefore
appear that the column type fallure is affected to a relatively
greater extent by the presence of Anitial irregularities than
the plate component type of fsl lure.

Characteristics of the "Optimum" range - simultaneous column

and plate component collapse. Figs, 33 and 34, =~ As iIndicated
in the theory (Figs.27 and 28 ragedd.) the peck value AB of the
combined column and plate buckling curve is obtalined by equating
the column and flenge plate strength, namely

/Q. = ,&(k__{j—' = &,_f;'(zé_'jf

The position of this "Optimum" peak is extremely difficult
to obtain by direct experimentaetion, and would have involv:d
a practically impossible trial and error method eseccompanied by
considerable wastage of materiel. This experimental difficulty
was overcome by the development of & logarithmic interpolation
method, which involving stralght line plotting only, gives the
rosition of this peak value with good accuracy, provided a
sufficient number of eilable to each
side of the peak val’ir{equafions 20‘ Fgan

Taking logarithms irfequations 2!7. these reduce to

g pe = -2 teg(l) + logkié
for the column strength an¢ to

Lo =—2 /@(E-é)* (a5 £

—
r-o?
for the plate strength.

In both of these (QA varies linemrly with the logarithm
of the dimension ratios L/r and b/t respectively.

Further, the S/emclrriess ratio in the case of channel elements
of flange width b, web width w, end length L can be expressed

as ‘ﬁ -11- . jr " :?{"‘?
7 R T U

provided the wall thickness is small in comparison with the

cross section dimensions.

The specimens of any one set were of constant length web
width and thickness, The term

éf %2
et




is for ali practical purposes a constant for the range of values
of the flen e width b encountered in the experiments, as its
total variastion do-s not exceed 2 5% of its mean value.

Consequently taking logarithms glves linear relatlonships
between L/r and b/t for any given set of the one thickness,

of the type
/ay(é) " ...?5_ (@(.éé) ” (@(C‘ansémﬂ

the three linear logerithmic veriations involving the
critical stress p., the slenderness retio L/r and the flange
plate ratio b/t ggven by these equations can be combined in the
manner shown in rig. 33. This gives the results of such a
logarlthmic plot for the 18 gauge thick set of specimens.

— —_———

LOGARITHMIC INTERPOLATION OF PEAK \ALUE.

BG Serres
22)
20
/8
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&
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The optlmun point - corresponding to equal column and plate
strength - 1s given by the intersections of the straight lines
defined by the plate fallure points (to the left of the peak)
and the column failure points (to the right of thc peak). Once
this optimum point is located the corresponcing values of the
slenderness ratio L/r and the flange plate ratio b/t can either
be read off directly (if the diagram is accurately drawn to a
reasonably large scale) or calculated from the geometry of the

figure.

One particular value of L/r and b/t will de obtained in this
manner for each set of speclmens of the one thickness., These
correspond to the position of the single peak point B of the
curve characterising combilned behaviour (Figs. 27 and 28).




Plotting ¢he: L/r and b/t ratios corresponding to
simultaneous column and plate component collapse the varistion:
shown in Flg. 34. 73 oblarned.

{?" FOR EQUAL COLUM
NGE PLATE STRENGTH.
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Two features are of significance:

(1) The points with the exception of the one corresponding to
the 12 gauge thickness define a straight 1line, thus showing
good agreement with the theoreticalily predicted linear relation-

ship of equation /9./6.5::

The divergence of the point representing the 12 gauge
thickness is due to the fact that,because of its comparatively
heavy section all the specimens of this set were grouped rather
close to the peak value., Thus the determination of the peak
point by the interpolation method described became somewhat
uncertain, the "spread" of the values to either side of the peak
being insufficient for accurate definition of the straight line

portions.

(11) The straight 1ine defined by the interpolated points is
parallel and lies very close to the theoreticel line computed
on the basis of simply supported and free edges for the flange
plate.,

It would a pear therefore that when overail and component
collapse is simultaneous the suprort given by the column to its

plate component 1s a minimum consistent with the existing boundary

conditions.




Column Behaviour in the "Plate Component" Failure Range. Figs, 35
and 36, - The curves shown in Fig, 35 compare the experimental
mean curve of the plate fallure range from Fi_ .32 with theoretical
curves computecd using equation No.ﬁg gaél) on the bascis

of fixed - free (K2 = 109) and simply ‘supported - free (Ko = 0.376)
edge conditions for the flange.

It can be scen that the support given to the flange at its
edge adjoining the web varies from complete fixture to simple
support, as the feilure stress of the plate component approaches
the critical stress of the column as an integral whole.

=¥

c e
STRESS VALUES IN THE FLANGE PLATE m&&l

RANGE .

9. 35.

The edge fixity coeffleient Ko in the plate equation (Equation
No.ﬁg) corresponcing to the experimental mean curve can be expressed
as

Ko = b/t
46 + 0.1°5 b/t
On substitution equation No./@ becomes

. $¢ £ ,¢2
/4 A fO/f-té 7-02 (7)

a £ %
A-(/—t‘ymf} @

This expression is valid for values of the plate dimension Z
ratio b/t lying within the 1limits of b/t = 20 and b/t = 60, arnd & F 140

The use of an experimental average curve is justifiable when

comparison with theoretical values is made. When however, it comes
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to the determlnation of a possible design basis, the lower
boundary limit of the field of scatter 1s the relevant beasis
of comparison. Using this line of reasoning, the value of the
imperfection coefficient 7 in the Perry-Robertson (12) formula

foo = LrIL e 0By

was determined to suit the lower scatter 1limit of Fig. 32. A
suitaeble value was found to be é.
¢

27 = 00025

The "ideal column" stress pg in the formula was taken as the
critical stress of the flange given by equstion (21), using the
values of Ko corresponding to the experimental mean curve
stated above,

¥Fig. 36 shows the experimental sverage curve with its scatter
boundaries; the Perry-Robertson curve derived as indicsted sbove,
and the allowable stress curve proposed by jipnter (24) P,S#
This latter curve consists of two parts - (1) a straight line
portion over the range from b/t = /2 de é/fF = 30, the stress
value varying from the yleld stress of the material to a stress
given by the plate strength equetion /&) with a Ko value of 0.41
and (1i) a curve portion for values of b/t above go representing
the plate strength equation with the X, value of 0.41.

9. 36.

It can be seen that the agreement between the Perry-Robertson
form and the lower scatter boundary is excellent, th= two curves
practically coinciding for the range tested. This indicates that
the conception of the effect of imperfections represented by the
formula is not restricted to 1lntegral column sction only, but
can be extended glso to cover plate component coilaps- as the
criteria of overall strength.
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The eritical stress variation as proposed by Winter
indteates som2 correspondence of values « in the range of
b/t = 20 to b/t = 30 - but shows deviation of form. On the
whole in the region of the lerpger b/t ratiocs it appreciably
underestimates the actual strength of thin compression flanges
even 1¥ based on the fnll asctual width, and not, as proposed,
on a reduced effective width (8Bee alse discussion of collapse
load in Appendix o, 4.)

(a) Summery.

The main findings of the Model Seale Investigation may be
summarised as followss-

(1} Thin walled strubs proportioned for simultaneous column
and. plate component collapse possess maximum strengbh.

(1ii) If column and plabo cowponent coilapse are simultaneous
the criftlecal stress of the weakest plate component corresponds
to the minimum possaible edge support. For the flanges tested
this was equivalent to simply supported and frec edges,

(143} The eéuivalent edge support obtained by the flange

ovlate increases with the dimension ratio b/t reaching fixed

free edges ab a b/t rabtio of about 60, fer oo : ~ "
0/{2:5 c“/gxfn /30. * / ravio ’ﬁ/‘ cfo/am,o.s* wrdss > 'V”w
{iv) 1In the transition from the equivalent simply supported

to Fixed edge conditions (l.e. from about b/t = 20 to b/t = 60)
the eritical stress corresponding bto the experimental results

1s glven by

Y
(/"0'2)@6*0#'?)

{v) The Perry-Robertscon formuls gives good agreement both

in form and veliunes with the lowsr scabtber boundary of the plate
faitlure range provided the Imperfection factor Q:: 0.0025 b/t
and the "ideal column" oritical stress p_ is taken as pg guoted
uader {(iv} above, ©
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(b)

(e)
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(a) Experimental Appliances,

The investigation deseribed in this section was carried
out on two 12 ft. long column specimens, built up of 7/32 inch
thick plates welded to form channel sections, Thoe web
dimension was kept constant at 12 inches; the flange sizes
2t 7 inches and 12 inches reapectively were selected to exclude
integral column faillure and to ensure collapse of the flange
plate as the weakest componcnt.

The colunm ends consisted of 1" thick bearing plates, welded
and accurately squared off Lo ensure parsllelism, The
columns were tested in a horizontal, hydraullcally operated
Avery testing machine of 100 tons c%pacity. The features
of the machine incorporate end platfens with ball and socketb
type besrings, Thesa platfens may be locked in any position
or can be left free to pivot, thus simulating hinged end
conditions.

In view of the fact that the columns were tested horizentaliy
they were pleced in the machine such that bending due to dead
welght took place about the axis of maxinmum moment of inertia.
While, these bending stresscs are not saignificant - theiy
unccmpensated magnitude would not have amounted to more than
about 0.07 tons/m? st a maximum or about 17 % of the elastic
buckling stress -~ the line of the axial loading was offset
from the cehtroid of the specimens, 80 as to reduce their
value al the centre by 50% . This equivalent eccentricity
was computed as for a short coliumn since the overall slendernezs
ratios in the plane of bending did not exceed F. The meximm
offfset values reguired were in the region of 0.05 ins,

Centering of the col .umng was effected by aligning lines ?{
seribed on the machine Plalbtens and on end plates welded to
the specimens. A. Chesterfian height gavge reading to 1/1000th
of an Inch was used for setting out these llnes. Centering
can be takén as seccurate to 1/100 th of an inch. To ensura
uniform bearing over the pletten surfsce a plaster of Paris
pack wes introduced between the plattens and the column end
plates. The plattens were set Lo give hinged end conditions.
Fig. 37 shows the 7 inech flange specimen in position,

Flange deflections were measured at pointas spaced at one
foot Intervals along the lengbth of the flanges. Measurements
baken relative to the bed plat of the machine indicated that
the flanges distorted in e completely symmetrical manner,
Once this was established relatlve deflections of the ilanges
were meastred only, using an internal micrometer reading to
1/1000%h of an inch.

Longitudinal and troamsverse strains were measured at
various polnts in the flanges, using elsctrical resistance
strain geugses. Layoul of the gauges and their general arrangement
is given 1in Appendix No. 4.

Readings of both the flange deflectiong and the flange
strains were taken at every 2 tons losd increment.

{v) DBxperimental Results.

e results recorded were (1) The wede of disbtortion and
failure (11) The deflected form of the flanges and (1il) The
longitudinal and transverse strain varlations in the flanges.
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The modes of failure corresponded to the type elready
described in the model scale investigation. The waving of the
flanges developed in a gradual fashion due in all probability
to the initial irregularities of the flange form,

One definite difference between the 3 ft. and the 12 ft.
column tests was the increase in the load margin between the
elastic buckling load and the collapse load. In the case of
the 3 ft. specimens this margin did not exceed sbout 5% (at its
maximum) of the elastic buckling losd, while in the case of the
12 ft. columns of the same geometric proportions the collapse
loed was sbout 30% greater (at its meximum) than the elactic
buckling load.

The develorment of the flange waving and the mode of failure
1s shown in the series of photographs of Fig. 38, for the 12 inch
flenge column., The excessive development of one set of peaks
Just prior to collapse together with the consequent "ironing
out" of all the other elastic waves can be clearly seen.

The followlng table gives the relevant dimensions and
collapse loads of the columns tested,

‘E \iE.QS is :iﬂ 4 g§‘3'§b CEU%#
@f*g\vf? @géﬁ Wy | =
ms il

Wins| b A in? 4% 7ons

1202|692 102037 532 | 29 |64 |374 | Se0

120/ | 1202|0728 795\ % 8 357 |5 | 529

The development of the deflected form of the flanges
as the axial load increased is shown in Figs. 39 and 40. The
variation of the flange deflection at particular points is shown
in Fig. 41 and Appendix No. 6. All of these figures are
incorporated in the subsection dealing with the analysis of the
results for convenient reference.

Typical results of the stress investigation are given in

Appendix No. 4 as their detall snalysis is outwith the scope of
the Thests, : :

(c) Analysis and Discussion of Results.

The following values of the material characteristics were
used in all the calculations, based on the tensile test results
presented in Appendix No., 3.

12,500 tons jnz

Young's Modulus E s
18,5 tons / in<.

Yield Stress Py




Deflected Form of the Flanges under Incresasing Loads - Figs. 39

and 40. - The flgures show the deflected form of the 12 inch
and 7 inch flanges respectively. As indicated previously the
waving was completely symmetrical end only relative deflections
of the flanges were measured. The method of representation
shows ( unavoidably to a very highly distorted scale ) half

of such relative deflections as contributed by each flange.

The development of the waving &s the load increases,
is gradusl with stationary node points. The number of half
waves in the case of the 12 inch flange 1s seven up to 32 tons,
reducing to six as the deflection at point 11 reverses in
direction with the increase in load, This value  corresponds
to the number of half waves given by the elastic theory - Fig. 25
- for a plate length to plate width ratio of 12 in the case of
fixed free edge conditlons parallel to the line of compression,
The number of half waves developed by the 7 inch flange 1is
nine - less than the theoreticel value of 12, gliven by fixed
free edge conditions for a plate length to width ratio of gbout
21. W¥hile thls could be taken to indlcate that the edge support
along the web is no longer equivalent to fully fixed conditions,
such evidence - in view of the initial 1rregularities present in
the flanges = must be trested as inconclusive,

In the case of the 7 inch flange specimen,deflection readings
were taken practically up to collapse. The start of the "excess-
ive" development of a pair of wave peaks - previously referrcd to
-~ con clearly be seen at point 9. The "ironing out" action shown
in the photographs of Fig. 38 takes place during the actual
process of collapse and 1s fer too rapid to record by means
other than photographic.

The actual values of the flange deflections were appreciadble
and recached values as much as half inch to elther side.
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and 40. - The flgures show the deflected form of the 12 inch
and 7 inch flanges respectively. As indicated previously the
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of the flanges were measured. The method of representation
shows ( unavoidably to a very highly distorted scale ) half

of such relative deflections as contributed by each flange.

The development of the waving &s the load increases,
is gradusl with stationary node points. The number of half
waves in the case of the 12 inch flange 1s seven up to 32 tons,
reducing to six as the deflection at point 11 reverses in
direction with the increase in load, This value  corresponds
to the number of half waves given by the elastic theory - Fig. 25
- for a plate length to plate width ratio of 12 in the case of
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nine - less than the theoreticel value of 12, gliven by fixed
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21. W¥hile thls could be taken to indlcate that the edge support
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Variastion of the Flange Deflection with Load at Particular
Points. - Fig, 41. - The deflection variation with ax¥al |
Toad at peak poinfs of the wave form for the 12 inch flangers
shovn in Fig, 41.

Three distinct types of curves are indicated:- (i) The type
represented by point 1 indicating a stationary tendency after
an initial deflection has taken placeg (i1ii) The type represented
by point 11 where reversal of direction of the flange deflection
1s indilcated. The point shows outward deflections up to 32 tons
and inward deflections pasgt this loed; (1i11i) The type represente
ed by point O where the deflections develop at a gradually
incressing rate, indicating a "running away" tendency as the
critical load is approached.

As the characteristics exhibited by all other points in
both of the test columns correspond to cne or other of the
types quoted only the typlcal selection shown has been incorporat-
ed in the text, the rest are presented in Appendix No. 6,

Derivation of the Elastic Buckling Load for the Flange Plates
Using the Southwell - Lundguist Stralght Line Plot.- Figs. 42 and
43,7 - "In the analysis of distortion data obtained from
stebllity experiments the method originally proposed by Southwell
(15) is widely used. Southwell has shown that the veriation of
the centrai deflection & of a slender column - additional

to any existing initial irregularity - with the axial column

load P is‘given by a rectangular hyperbola. Thus plotting d
against /e gilves a stralght line whose slope 1s the value
of the first critical load for the column. Timoshenko (19)
proved that this relation holds even when there is some
eccentricity in epplylng the losd.

The approach has been extended by Lundguist (35) who provead
that the sanre method of plotting applics to any increase in
deflection =& and 1ts corresponding increase in load

P-P where dJd¢ and B are any initisl readin.s of deflection
and corresponding load respectively,
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The method was originally proposed in connection with
single column units. In the analysis of the results it is
applied to the peak deflections of the flange wave form,
as each half wave 1s analogous to such a ginge column unlit. |

Figs, 42 and 43 show J-é{ plotted against P -

for the specimens tested The initial readings were taLen at
1 ton and P, = 12 tons for the 12 inch and 7 inch fliaxm ges

r%spectively. S S

Fg 43

As can be seen, in both cases, two straight lines of slightly
different slopes are obtained, one for the outward and one for
inward peak deflections.That not a single straight line is
obtalned may be explasined by the fact that the intercept on the
vertical axis is influenced by the initial irregularity existing
at the particular point considered, It 1s of some interest to
note that all the outward deflections and all the inward
deflections fall on the same straight line This i:ZAcates Y

that the amplitude of the first harmonic in the Fouryler seriesg/
expressing the unknown initial irregularity is sens
for all points deflecting in the same direction.

ly the same



The elastic buckling loads and the corresponding stresses
as given by the mcan slope of the two straight lines in each
case are as follows:

Aﬁ‘z»/m/ Aete roke | Sechona/
Mx s
/2 ms| 526 TI5m?| LYo S/

Tins. | S04 | £S5 FB9 | 9B

To be able to compare these values with the experimental
bucklling stress variation of the 3 ft, specimens, allowance
must be made for the difference in Young's lioduli 12,800 tons /
in® for the full scale specimens and 11,000 tons / in® for the
model scale. In the elastic range (assuming Polsson's ratio
to be the same) the critiecal stress 1s directly proportional
to E, consequently comparable values of the buckling stress
can be obtained by reducing the full scale results in the
ratio of 1l to 12,5, _The comparsble stregs values then
become 4,56 tons / in® and 8.59 tons / in® for the 12 inch
and 7 inch flanges respectively. The corresponding t/t ratios
are 54,6 and 32,4 respectively.

Fig. 44 shows the above values plotted on a copy of the
3 ft., specimen results glven in Fig. 36.

Fy 44

It is seen that good agreement is obtained, the scome
equivalent edge fixity variation being manifested as was
encountered in the case of the model scale results. There is
a complete absence of scale effect In the elastic range and




consequontly all the conclusions of the model scale experiment s
are applicable to the full scale range also,

(a) Summary,

The following'pbimts have been brought out by this
particular experimental range -
(i) The losd margin:betw@en the elazstie buckling load and
the collapse load ircreages for flangea of the same geometric
proportions ag the thickness increases.

(i1} The Southwell-Lundquist method bl evalualing the elastic
buckling- load ~ based on hyperbolie variation of Transverse
deflectlon with asxial column load - gives good resulta when
applied to the wave .peaks of the deflecied form of the flange
plates,

(iii) The full scale behaviour Tully substantiates the observed
model scale behaviour. ' '

(iv) There 18 no difference between model and full scale
behaviour in the elastic range.
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APPENDIX Noa I

SOLUTION OF TEE ECCENTRIC LOAD RQUATIONS

FOR LATTICED COLUMAS BY FOURRIER SINE TRANSFORMAT LON.

J& .




79.

: Pookyrr QA'JUL‘W/ thermakbes 7
ém «’z;fim/hy' euc»azg% W Graw Hik 17

7he colwrrr eyom‘/ons e
[f::‘z ""?dy' .-/;’/,@-y) 7, } J?,ésé/b/rw

Wécor»e
£ID% + POy ~Bls-y) =0 —
£Z0%y -»/’,Dofu’ 76[%%4) -0 — 2

7%e Aoaaaév/y CorIchErons —aSSWmirg Arrpes e
for the colornr ogs are Y= U=0 |
0%y =00
4/0/4/6/;#;? equakans L and Z. by Sih i:ff where
#n 15 any wfkger axd wegroking from X =0 v x=L
Grhes
ff/;xnn“kdxfp/ﬁylﬁn izd.(—/%ér/»/i ax #
,4/5/;;.90 2Zhk =0
EI[o";g 2/ ”ikdxfffby N7 ”.__d;k % .//3/34, &7 ”’7’-‘5/:'
*ﬁ/}; N ’.?ﬁ?a!xr‘&f?

Let M7)= [;/J/ ”//“dx /ﬁ’)rm 2% o pher
y=p)
e / 9 9 Pt = f () and! /{Zfozz.fdx = )at)
S /’ o%pir 2 .’_’.@dx - [ 7% i/ f?’za'x - /;O“/"”’ 2%/

s ”’//’f/cw”/xa’x
= O# i///;g:;}m_s'ﬂk d/}?’/fm—i&/

= L) ) p) - 22T r )

o e and K=l




For the qriers bourdkmy corndbons w bots sy amd iy
yef)) 0 of x=L ard x=0, Horf 13 Jli) =0 ake!
/?'/ =2 ferce

£ o .
[a}/ﬂﬂ oIx X - -_{72;?: X(”/j!‘o%ﬂ”‘zﬂdg‘ -—‘:’ )’ o

/ﬂmﬂ 7% /= //?/j.fw 27X -//Z’ @}.ﬁn_”ﬁ] >

e L2 Z‘" [ f"{ X ) Cos ’2’7’2 x

4] /[fo'(,‘)wor)z‘ m‘/‘/é& )51 22t /’
= 22 -/)//”(4);"/)/ ""f//()m 7%
+2L [ bp)cas ”"";«/

2 )t -0 -2 a7 /[/% oo

/ ) 97 25 4 /
~ LRV 1) - f»’w/;uw/, "5

For e griwss boundary aondbans r bobh y ardy
Y=flx) =20 [ of Xol and x =0, that s flL) =0ifte)=0
Dy=Ft) =27 Ln,) . %) .
/‘(4} 0W/°() O ferve
[0%-""7%0& = )’(/ ﬁ}éﬂh-—-—d){rw—- 12(2)

Jbste botrrg #1 e epaakons o jes
erzy” 57 = R oy ) - ve) =2
._:[”4 K «pn*f‘ %) #RLviln)~ya)f=0

rearrargpyig, W’””-’ I ans & W?ﬁ) are
obleered

L ool -;I"" -—73/)’('7]7‘/6 Vi) gy s

et

and /6’7’//1/ )R 27 éz /7""‘../5/)«(/ o ——




AFPENDIX Wo. 2.

NUMERICAL EXAMPLE OF BUCKLING LOAD

AVALYSTS FOR A LATTICED COLUMN,
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APPENDIX No, 4,

T. BSBTREESS SURVEY OF THE FLANGE OF 4 12 FT', LONG THIN WALLED

COLUNN SPECTKEN.

Apparatus and Measuring Devices.
Experimental Ztress Results and Disgussion,

Stress Varilation along length of Cclumn,

3treegs Variation with Column Load at Particular Poinbs.
Surmary of Stress Survey.

IT1. EXPERIMENTAL COLLAPSE TOAD RESULTS ANU DISCUSSION.







I. STRESS SURVEY OF FLANGES,

Apparatus and Meaﬁuring Devices,

The test specimens were set up in the 100 Tone Avery
machine &s described in Part II Section II of the Thesia.

Strain readingge were obtained using HElectrical Resistance
Strain Gauges of approximately 200 ohms. veslstance. The -~
straln gauge bridge used -~ Flg. 45 - was capable of
acecommodating 50 gauvges, ‘The dispos’ition of the 25 gauges
used along and across the flangea is shown in Pig. 46. Along
the free edge of the flange only longitudinal gauges were
utbilised, both longitudinal and transverse gauges beling used
however along the centre line of the flange and along the
edge adjoining the web. & closs up ol one group of gauges
incorporating transverse and lopgitudinal live gauges and
temperabture compongabor dummy gavges ig shown in Tig. 47.

In fwballing the gauges precaubions such ss thorough
degreasing of surface, drylng out of gauges, feplacemenu of
gauges with an insulation resistance of gauge to surface of
lesd than 100 megohwus ete. were strictly observed and led to
satisfactory gauvge resvonse durlng the experiments.

The_gﬁhge factors of Lthe gauges used with the 12 inch
and the 7 inch flange were 2.17 and 1,99 respectively.

The geuge readlings were reduced to stress recadings
using the value of Young's Modulus as 12,500 tons / in® and
the valus of Polemonts raitio £s .S (Sﬂc appendix No.3)

EBiperimental Stress Results
and Discussion,

‘The exyperimeantal results presented are thosc ohtainod
for the 12 inch flangc. The charscteristics shown up by the
7 inch flange are exactly simlilar and are therefore not
included.

Stress Varlation Along Length of Column,

Fotie; The experimental poinls on the graphs are connected by
sbraigat lines, as it is felt that they are too few in number

to detine the true shape of theéxXisting curvilinear distribution
witlh accuracy.

Filg. 48 shows the longltudinal stress values as given by
the gauge readings at axial loads of 8, 16, 24, 32 and 38 tous.
The distributions are given along the fr’@ edg e (line A ),
along the centre of the flenge (line B } and a1ong the edge
adjolining the web (1line C). .

It shouwld be noted that the stress values are a combination
o the direct stresgas éue e the end Load and the bending
stresses due toe the flanp@ waving.

Fig. 19 gives the percentage deviation of the longltudinel
stress from the average stress ab the same loads and slong
the same lines. Thiz figure in effect indicstes the strenses
existing in the flange due Tto 1ts waving oaly.
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9. 49

The main features are as followsg=-

(i) Considerable stress variations obtain longitudinally.
For ecxample at a load of 38 tons (average stress 4.79 tons /in )
the stre8§ dgggﬁjfrom about 8 tons / in” a A to about 0,8

A

tons that is a percentage deviation of about - 70%
to +70% from the average stress,




(1i) The stress variations are simllar in form along the
free edgoe and the centre line but change completely along
the edge adjoining the web. '

Comparing the ngbare of the varistlons along the freec
edge with itse deflected form - Fig. 39 reproduced opposife. -
it ls seen that corvelaticon L& possible. For eXample a A
the gange having been installed on the cuber surface of the.
flenge will measure the comBination of tensile bending stresses
and compreasive direct stresses. In view of the considerable
flange deflecbion at point8A the tensile stresses due to bending
are large (about 70% of the average stress ab lthe load of 38
tons) ziving the resulbtent stress of 0.8 tong 7/ in®. Similar
correspondence obbains ab points 24 and 104,

At point 6A the FTlange deflectlions are such as to induce
compression in the outer fibres thusg giving the increase in
the direct compressive stress indlceated.

The correlation at point 44 ls uncertaln., Point 4 on the
free edge lieg very neer to an apparent node poindt, consequent-
ly if the initial irregularity of the flarge at that polat is
net appreciasble the bending effeci should be small. The stress
Peadings indicate the existence of considerable comprsssive
bending stresses., One posaible explenation is that although
the deflection at point 4 is small, the curvature of the plate
at the point is large,thus accounting for The baonding stresses
indicaled. The experimental data of the deflected flangs form
given in Fig. 39 is ilncopclusive in respect of curvature..

The stress variations along line B follow in general
outlime that of line A and consequently the doflected form of
the Flange surface along this line is probably similar to the
free cdge.

Line € gilves a distribuwtion of a ditferent type. The
presence of tenslle bending stresses increasing towards the
centre is indicated. T may be ncted in this connection that
these stroesses arc nob overall bending effecte due to deadweight
as these were compresslve on Lhe gauge sideyon the length 4C to
8C. In any case thelr magnituce i¢ of = neglipible order,

A possible explenaticn mey be found in the nature of the
aclkions obtaining along the cdge adjoining the web. Along this
edge the flinpe ig restraired from talking up a deflected form.
The restraint will be given by distributed moments acting along
thig edge of the flange in the plane of the web. The initizal
Torm the flange tends to assume, wlll dotermine the type of
distribution of these moments and the corresponding longitudinal
hending stregees.

The distributlon shown along line C could for example be
viaualised as corresponting to an initial tendency to deflect
inte a single half wave for the full length.

The stress values shown in Flg. 50 ere cdue to the transverse
bending effects set up by the distortion of the flange plete,




£79.50.

The distributions indicete variations both of magnitude
and nature, along and across the flange plate.

The magnitudes are aprrecleble asnd for example amount to
about 40% of the aversge longltudinal stress at a load of
38 tons.

The change from tenslon to compression at points such as
6 (6E to 6D)is particularly significant as it indicates a
change 1n the transverse curvature of the flanie. Consequently
the deflected form of the flange across its wicdth is one of
double curvature at points 4, 6 and 10. It is probably of the
same type at points 2 and 8 also.

Stress Variation with Column Load at Particular Points.

The longitudinel or axisl flange stress variations ars
shown in Figs. 51 and 82, The graphs contrast the combined
direct and bending stress against column load veriation at
points near the centre and near the end of the column lenzth.




The graphs indicate by their deviation from the average
stress the varistion o6Ff the longitudinal stress along the
length of the coluwmn. This has already been discussed,

Two main types are apuarent:
(i) Distributions of the type 10A, 10C and 6C exhibit a more
or less unifrom rate of inecrease of stress,

(1i) Graphs such ss 10B, 6A and 6B show a gradually increasing
rate of stressing and ecross the avera e stress line,

Compering the stress verlations from the point of view
of position across the flange gnd along the flange the meain
difference is shon up by graphs 10C and 6C. These, while
similar in form, differ considerably in their deviation from
the average stress, 6C showing the effect of the longltudinal
tensile bending stress,

The varistion of the transverse bending stress with
dolumn load is shown in Figs, 53 and 54. These are all of
the same non lineer form.

/.58, £y, $4

The stresses increase at e gradually increasing ra'e
&8s the flan e deflectlions increase. The significant feature
is the change in tension to compression from the web edge to
the free edge. In addition 10E exhibits a chance from tension
to compression and back to tension as the load incresses.
These features again confirm the complex nature of the
deflected form of the flenge surface.




Sumrary of Stress Survey.

The features brought out by the stress survey under
elastic opnditions may be summarised as followsg

(1) The =stress varistions are on the whole non linear.

(1i) Both longitudinal and transverse stresses exist in the
flange plates due to the combined action of the column load
and the flan e distortion.

(11i) The longitudinal and transverse stresses vary both
lengthwise and crosswise, The maeximum varisastion of the
longltudinal stresses encountered in the experiment was
approximately 75% of the average stress, obtained when the
column load was approaching the elastic buckling value,

The maximum velue of the transverse stress was about 40% of
the corresponding everapge longltudinal stress under the same
conditions.

{iv)} The distorted form of the flanze surface is more

complex than 1t is indicated by the edge deflections alone,
reversal of flange plate curvature obtainling in the transverse
directions.

II. EXPLRIMUNTAL COLLAPSE LOAD RESULTS

AND DISCUSSION.

The computation of the collapse load of thin plates
ag dlstinct from their elastic buckling load is usually
based on the "effective width" conception originslly proposed
by v.Karman (27) for plates supported along both edges.

As indiceted in the brief survey of Part II Section I.
Winter {(34) has put forward the semi-empirical expression

b = 08Y/E (rom2f/E ]

for the effective width whlech, it was clsimed ceunld be a:rplied
both to the computation of the elastic buckling load and the
collapse load.

The experimental results presentec in Part II Section II
(Fig. 36 p. 64 ) clearly indiceted that the elastic buckling
stress propos<d by Winter for use in conjunction with b
seriously underestimates the actual elastic bueckling strength
past a b/t value of 30 even if based on the full plate width
and not as proposed on a reduced effective width. Further
the stress survey did not indlcate any radical stress
transference in the elastic range from the plate strip along
the free edge to the plate strip adjoining the web. Thus the
claim put forward by Winter that the effective width conception
for flanges wupported 2long one edge only applies in the elastic
range is not in accord with experimental findings.

On the other hand utilising the expression for by in
conjunction with the yleld stress py of the material, in the
computation of the collapse load, good aegreement with
experimental values is obtalined.




The following table
collapse load results for the 12 ft.

specimens,

gilves the experimsntal and calculated

s, lear | “rne VLB | ok
1202 | 697 (020371 582 |24 | $60 | 546
20f | 12020 2705|796 |S46 | 529 |s0¢6

The method of comput tion is as follows:
Considering thel2 inch (nominal) flange for example.

b = 080 ??o.f/ //— 022 4 / .s'oo)

é& = 4‘/3‘4%52

/e

Therefore the collapse load for the flange is

P = Ktll = 418 « Oopps: /85 » /685 T
This 1s equivalent to an averege stress of
L o _t685 c .
= [ ‘26 7o, 2
P= e f2020' 225 e i

over the whole column area.

That is the overall column losd at which the fl: nge will ‘
collapse is

L= pA = CHr 79 = 506 Tams

which compares favourably with the experimental value of 52,9
tons,




APPENDIX WNo. 5.

NOTE ON THE DESTHGN OF CONCENTRICALLY

LOADED TEIN WALLED COLUMKS.




NOTE ON THE DESIGN OF CONCENTRICALLY LOADED THIN WALLED

COLUNMNS.

The Perry-Robertson formula
= 7*(%%!4%4& =, * (777, :, '

is the basis of column design in this country. It was originally
developed for integral column action, that is on the basis of
overall stability.

The analysis of the experimental work presented in Part II
of the Thesis indicated that the formula gives good agreement
with the experimental results in the ccmponent failure range
also, provided the values of p, and correspond to the
strength charactoeristics of the weakest plate component.

elastic buckling sfress of the plate component and not the

stress corresponding to its ultimsbe collapse load., The meain
reason for this recommendation is that in ordineary structural
engineering it is considered highly desirable to eliminate all ‘
poseibility of crinkling under working conditions even if this
involves some sacrifice in load carrying capacity.

The value of p_  recommended for use 1in design 1is the

The line of demarcation between integral column and plate
® mponent feilure is obtained by equating the Euler column
critical stress with the weskest plate component eritical stress
giving the linear relationship

5 =/eL ()

slenderness ratio of column

weakest plate component dimension ratio
column constant depending on end conditions
plate constant depending on edge conditions.

where %‘
7
A4

nhuan

4

Hence for any given section of known b/t value the slenderness
ratlio end consequently the "optimum" l ngth L, corresponding to
simultaneous column and c anponent collapse may be calculated.

The section under consideration wlll fail due to failure of the

plate component if used on a length less than L, and it will

fall due to integral column failure if its length i1s greater than

Lye
The following values of p, and ¢ recommended for use

with channel sections, within the approximate limiting values

of the charecteristic dimension' ratios specified, /
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e of fanure :

P oo
aég_/ oﬁ:&/

#yter/artron
Faelor 17

ﬁt‘ﬂ Coteorar

@3 per £SS. #2)

v

£ e
&)*
(Eiher Cotiwrir
Stress)

£

ey

0003r

(foé&ré:fooé
vate).

Fiate Cormptorient ,{2/’0’2/"" /

é—- rot greater
s atbou/fO0.

b
=
(based or
. mﬁs
c;k‘feeé&mz
Fort-T)

0’0075

The above described procedure applies over the whole range
of structural behaviour encountered in thin walled colums,
While in practice considerations other than purely structural

strength may be the deciding

factor it is emphasised that

maximam strenﬁtn minimum xeibht, and economy results from the

use of "equal

strength sectlons,

thaet is sections designed

for simultaneons integral column and plate component collapse.
This can be effected by utilising a given section only on its

optimum length L, .

In view of the
avallable,

Zzreet variety of thin walled columns
it 1s possible to draw updesign tables which by

rescenting alternative sections rather than only alternative
sizcs of the same section enable structural designers to use
"oqual " strength colwmns end to satisfy the practical

construction requirements at the same time.
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APPENDIX Nc., 6.

FLANGE DEFLRCTTON VARIATTON WITE AXTAL

LOAL,

Grayhe additional to typical variation
incorporated In the teut,
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